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Failure of care 


Laboratory animals must have the very best standard of care if we are tojustify their use in science. 
As one institution is found wanting, others should look to review their animal-welfare practices. 


tists, doctors and others to ‘infuriate animals in their care. It was 

a curious choice of words, and one that demonstrates the level 
of protection that British authorities sought — and still seek — to 
give rats, mice and other creatures. Such animals are vulnerable, and 
scientists who use them in laboratories, British law demands, must 
work to protect not just their physical well-being, but their emotional 
state too. Asa result, researchers and those who support their efforts, 
including this journal, can respond to critics of the ethics of vivisec- 
tion with the twin defences that the work is essential and carried out 
under strict controls. 

It is infuriating, then, to see that legitimate defence of the use of 
animals in research weakened, as it has been this week by revelations 
of poor animal-research standards at one of the world’s leading uni- 
versities. The university, a new report finds, lacks adequate leadership, 
management, operational, training, supervisory and ethical-review 
systems to support high standards in animal use and welfare. It high- 
lights an academic culture of complacency, of understaffed animal 
facilities, patchy training and poor supervision. It makes difficult read- 
ing for anyone who has ever argued for the use of animals in research. 

The institution criticized is Imperial College London, but the failings 
and the problem almost certainly extend further. At a press confer- 
ence held to release the report in London on 9 December, members 
of the investigating committee were keen to emphasize that they had 
witnessed no malpractice themselves during their inspections, but said 
that the improvements they suggested would make malpractice less 
likely to occur in future, at Imperial College or elsewhere. To manage 
and coordinate hundreds of scientists and support staff involved in work 
with animals is a complex task — one, the report says, that universities 
should take as seriously as running an individual academic department. 

To be clear, the failings identified do not weaken the case for using 
animals in science — although the more strident opponents of vivisec- 
tion will probably argue otherwise — but instead offer a clear demon- 
stration that the ethical considerations of such work do not begin and 
end with its scientific justification. The day-to-day implementation 
of the task is as important as the purity of the goal. Those who take 
the moral high ground must, after all, be sure they stand on solid 
foundations. 

The value of research with animals and the need for that research to 
be done properly should not be confused — and it is unfortunate that 
Imperial College chose to buttress its contrite official response to the 
review with polished summaries of the benefits of animal research for 
human health. That is not what this is about. 

Imperial College has already said that it accepts all the recommenda- 
tions of the committee that wrote the critical report, and is working to 
improve the situation. The failings identified are unlikely to be picked 
up in government inspections, and other institutions should carry out 
their own reviews. Imperial College commissioned the current report 


le 1911, the United Kingdom made it a criminal offence for scien- 


only after specific allegations of misconduct were raised by anti-vivisec- 
tion campaigners. Other universities should not need to be asked twice. 
In the case of Imperial College, the investigating committee had to 
tip-toe around the specific allegations, raised in April after an under- 
cover investigation by the British Union for the Abolition of Vivisec- 
tion. Those allegations are being looked at in a separate inquiry by 
the British government, which grants scientists and universities the 
licences necessary to work with animals, and sets out the required con- 
ditions. Not for the first time when it comes 


“The ethical to academia, many of the proposed improve- 
considerations ments centre on better and more constructive 
of animal communication. E-mailed queries to project 
research do not scientists from the technicians who supervise 
begin and end the animals, and who are best placed to spot 
withits scientific if they are in discomfort, should be replaced 


with face-to-face meetings. Statisticians 
should be brought in to discuss projects at the 
planning stage, so as to ensure that the experiments will be properly 
powered and the results meaningful. 

What is most disappointing about the weaknesses exposed at Impe- 
rial College is that they come as the public-relations battle over the 
use of animals in research, in Britain at least, seems to have been won. 
Violent direct action against scientists and laboratories has ended. 
Public sympathy and political support for the work have been secured. 
A key part of that victory was the ability to stress, time and time again, 
that the research was permitted only because it was always done under 
the strictest possible conditions. We cannot say that today. m 


justification.” 


The patent bargain 


An open-source patent database highlights 
the need for more transparency worldwide. 


patent number 7,777,022, but one thing is clear: at first glance, it 

certainly appears broad. The patent includes 4.2 million genetic 
sequences, some of which were identified computationally in a fishing 
trip for sequences that have applications in virology. 

In June, the US Supreme Court determined that patents should no 
longer be granted for ‘inventing’ naturally occurring human genes, 
ending 30 years of the practice at the US Patent and Trademark Office. 
The decision will probably affect the growing genetic-diagnostics 
industry, and its influence will extend to patents on genes from other 
organisms. But it did not abolish all claims on DNA sequences — some 


I: may take a patent lawyer to fully understand the scope of US 
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have estimated that the case will affect only about 8,000 of the at least 
72,000 US patents that mention DNA sequences of one sort of another. 
That leaves businesses with the unenviable task of sifting through the 
remainder to determine which, if any, will affect the commercialization 
ofa given invention. Patent 7,777,022 highlights the growing difficulty 
in doing so: although it lists millions of sequences, it lays claim to only 
a few. A firehose of data and limited search tools make it impossible for 
all but highly trained patent specialists to make sense of the landscape 
around any technology. Highly trained patent experts do not come 
cheap: companies invest millions each year to keep track of the shifting 
intellectual-property landscape. Those that cannot afford the fee take 
the risk of being unable to patent their discoveries, or of being sued. 
On 6 December, a study published in Nature Biotechnology took an 
important step towards rectifying that problem by revealing an open- 
source database that allows interested parties to map out the patent 
landscape around a technology without racking up exorbitant legal 
fees (O. A. Jefferson et al. Nature Biotechnol. 31, 1086-1093; 2013). 
The database, called the Lens (www.lens.org/lens), was created by 
Cambia, a non-profit organization in Canberra dedicated to facilitat- 
ing innovation. It pulls together information from more than 90 patent 
jurisdictions worldwide. The Lens can be used to investigate patents 
of any ilk. But it has dedicated tools to analyse patents on DNA and 
protein sequences, and has plans to develop similar tools for other 
classes of patents, including those for circuits, software and chemicals. 
The Lens is a bold effort to bring clarity and parity to the analysis of 
patents. It is also an innovation in need of support. Powered by eight 
busy software engineers, and funded by a patchwork of foundations 
and the Queensland University of Technology in Brisbane, Australia, 
it is tackling big-data problems that few have dared to take on. It will 
work best when it has cultivated a wiki-style following of users willing 
to take the time to annotate content, develop tools and share analyses. 
Such a following can be hard to come by when academics and busi- 
ness leaders are already juggling busy schedules and scrambling for 
funding of their own. Cambia founder and chief executive Richard Jef- 
ferson is quick to acknowledge that some previous open-source efforts 
met with much enthusiasm but little participation from the academic 
community. It would be worth the effort for funders and institutions to 
find ways of incentivizing participation in an open-source patent effort. 


Technology-transfer offices can help by logging the allocation of 
licences and changes in ownership in patent-assignment databases, 
where possible. A recent study led by Arti Rai, a specialist in intel- 
lectual-property law at Duke University in Durham, North Carolina, 
found that many universities fail to comply with basic requirements to 
acknowledge the contribution of federal funding to inventions in pat- 
ent databases (A. Rai and B. Sampat Nature Biotechnol. 30, 953-956; 

2012). Such information is important to track 


“Many patent the history of the patent and the impact of 
systems do not federal research funding, as well as to allow 
post their patents — the federal government to pursue its rights 
in amachine- regarding such patents. 

readable In the United States, the push to boost 
format. ” patent transparency has gained much- 


needed attention from on high. Revelations 
that some businesses, sometimes known as ‘patent trolls, have been 
amassing large patent estates and using them to threaten other firms 
with litigation has caught the attention of the US Congress and the 
administration of President Barack Obama. Lawmakers are now con- 
sidering legislation to rein in patent trolls, in part by creating reporting 
requirements that will help to clarify who ownsa given patent — infor- 
mation that is currently hard to come by. 

But the US patent system, troubled though it is, is not the only sys- 
tem that makes it difficult to track patents. In a survey published along 
with the Lens analysis, Cambia researchers noted that many patent 
systems do not routinely post their patents in a machine-readable for- 
mat, making it difficult to search and analyse them. Where possible, it 
is time for such systems to address these flaws. 

On the first day of many introductory patent-law classes, students 
are taught about the ‘patent bargain. This is the foundation upon 
which the patent system is built: in exchange for protection for an 
invention, the inventor agrees to publicize their creation so that others 
may build upon it. The idea behind patenting was thus to put innova- 
tion into the public domain — yet the patent system has developed too 
many nooks and crannies in which information can be hidden away. 

It is time to return to the bargain at the root of the patent system, 
and to use the computational and social-media tools at our disposal 
to publicize inventions, rather than obscure them. = 


Gender progress (? 


Despite some success, the proportions of women 
in Nature’s pages and as referees are still too low. 


there will be cultural and societal factors — often intersecting 

— that prevent the full research potential of one population 
group or another being fulfilled. One manifestation is discussed on 
page 211. 

We at Nature have attempted to put our own house in order, and 
have produced just a scratch on the surface of one particular challenge 
— the low proportion of women contributing to our own content. 
That scratch is there thanks to actions taken since we focused on this 
issue in an Editorial a little over a year ago (see Nature 491, 495; 2012). 

So what have we achieved? In the visibility of women in our pages, 
progress has indeed been made. 

In the News & Views section, the proportion of female authors has 
increased from 12% in 2011 to 19% in 2013. 

The proportion of women appearing in profiles by our journalists 
has increased from 18% in 2011 to 40% in 2013. That does not include 
the four profiles in our “Women in science’ special issue early this year 
(see nature.com/women). 


r | Vhere are many obstacles to diversity in science. In any nation, 
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The number of articles by women in our World View section, which 
is driven by current topics, has remained low, now running at 12%. 
By contrast in 2013, 33% of Comment articles had at least one female 
author (27% of them had a woman as the first author). The combined 
total of World View and Comment articles with at least one woman 
author in 2013 is 26% — an improvement on 19% in 2011-12. 

In our Editorial a year ago, we highlighted the need for a ‘gender 
loop’ — a conscious step in which an editor deliberately identifies 
several female candidates before selecting authors and profile subjects 
in our magazine sections, and referees for our research papers. 

In this last category, the result has been disappointing — the number 
of women referees has remained all too low. From 14% in 2011, the 
proportion of women fell to 12% in 2012 and then rose to 13% in 2013. 
Taking into account uncertainties resulting from ambiguities in some 
names, these numbers are essentially on a plateau. 

Efforts have been made by research editors, when visiting labs 
and meetings, and when surveying the literature, to increase the 
number of women invited to act as reviewers. Women already make 
up only a small proportion of the potential referees, owing to the 
demographics of the research community. And our efforts have 
made us all the more aware that a higher proportion of women than 
men decline our invitations to referee. We have 
not investigated this with a survey, but informal 
comments indicate that women tend to be that 
much more busy. 

The lesson in this tale is: we must try harder. m 
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nfluential German sociologist Max Weber said that the 
| ee of charisma’ is normal in organizations. It is fash- 

ionable these days to compare science with business, and Steve Jobs 
and Apple come to mind as examples: the company’s image became 
based around the personal characteristics and accomplishments of 
its innovative, edgy and revolutionary leader, and so survived him. 

I will soon step down as president of the European Research Council 
(ERC), and my successor will be announced next week. But when it 
comes to the succession plan of the ERC, the charisma comes not 
from a single person, but from the pioneering scientists who acted as 
the driving force to reshape the entire research landscape of Europe. 

There is turnover, too, in the Scientific Council that steers the ERC 
strategy. By the end of next year, its last two founding members will 
have left. Although this is part of the normal 
renewal process, it must not lead to a loss of 
the ERC’s institutional memory of its crucial 
founding years, including how it overcame 
many obstacles. 

Iam concerned for the future of the ERC 
— but first, some history. Every successful 
organization begins with a courageous deci- 
sion, according to management consultant 
Peter Drucker. That applies to the ERC. Seven 
years ago, the European Union (EU) made a 
courageous decision to establish an agency to 
fund frontier research on the basis ofa sole cri- 
terion: scientific excellence. It received a ‘big 
bang’ budget of €7.5 billion (US$10.3 billion). 
Most unusually, setting the scientific strategy 
was entrusted to the autonomous Scientific Council of 22 members, 
whereas the implementation would be in the hands of a ‘dedicated 
implementation structure’, which is now the ERC Executive Agency. 

The ERC has been a great success. Recognition of the fairness, trans- 
parency and credibility of its evaluation procedure has transformed it 
into the gold standard for Europe. This high reputation has unleashed 
unprecedented competition among host institutions for the prestige 
of ERC grants. This has probably contributed more than anything 
to energizing the European Research Area and increasing its attrac- 
tiveness to researchers from outside Europe. Most importantly, it has 
boosted the careers of the younger researchers who now constitute 
almost two-thirds of the more than 4,000 grant recipients whom the 
ERC has funded so far. 

As these numbers grow, so does the number of people involved in 
ERC evaluations, from 900 panel members in 2009-10 to almost 2,000 
in 2012-13. But the scientific community should 


not think that ERC activities have becomeasafe, SNATURE.COM 

predictable routine. Discuss this article 
Here is my concern. Neither the ERC nor _ onlineat: 

the standards it has set for scientific excellence —_go.niatulre.com/zyhwhj 


THE COMMISSION MUST 


GUARANTEE 


THAT THE ERC IS NOT 
PUT INTO AN 


ADMINISTRATIVE 
STRAITJACKET. 


Preserve the European 
Research Council’s legacy 


A change in European Commission management styles under Horizon 2020 
must not end the funding agency’s focus on excellence, says Helga Nowotny. 


should be taken for granted. At stake is the continuing sense that the 
ERC belongs to the scientific community, earned through scientists’ 
continued commitment and dedication as panel members, remote 
reviewers, constructive critics and mentors. The founding generation's 
legacy is an evaluation procedure of the highest quality, and it must be 
maintained and safeguarded at all costs. 

Under Horizon 2020, the next round of EU funding for research 
and innovation, the ERC will have a significantly increased budget of 
more than €13 billion. This is an explicit recognition by the European 
Commission of the pioneering part that the ERC is expected to play 
in the next seven years, injecting scientific excellence into other parts 
of Horizon 2020 and demonstrating the impact of frontier research. 

This is good news. But the consequences of some of the changes 
under Horizon 2020 are less clear. The ERC’s 
dual governance structure is both its unique 
strength and its greatest vulnerability. The 
strength is the power of its autonomous Scien- 
tific Council. The vulnerability is that imple- 
mentation of the council’s decisions by the ERC 
Executive Agency is subject to general EU rules 
and regulations, not all of them fit for the ERC. 

After overcoming many initial difficulties, 
the Scientific Council has forged a trusted rela- 
tionship with its Executive Agency and a highly 
professional staff. Under the new management 
modes of Horizon 2020, there will be a massive 
outsourcing of activities to executive agencies; 
the ERC Executive Agency will become one 
of many. I can see the pressure mounting for 
administrators to comply with a ‘one size fits all’ model based on the 
common denominator of executive agencies and their underlying logic 
of greater efficiency through streamlining. New key performance indi- 
cators, such as impact measurements, are being set up, and some may 
be at odds with the ERC’s mission of funding only excellence. 

The European Commission will continue to oversee and control the 
executive agencies. The special nature of the ERC is enshrined in EU 
legislation. The Horizon 2020 big machinery will soon start working, but 
it must not be allowed to overrun the unique specificity of the ERC by 
subjecting it to rules that do not fit its objectives. The commission must 
guarantee that the ERC is not put into an administrative straitjacket. 

The ERC sees itself as a learning, and hence experimental, institu- 
tion. It has proven that a courageous decision such as that by those 
who established it can and does pay off. Continuous vigilance, moni- 
toring and adjustments will be necessary to safeguard what has been 
accomplished. = 


Helga Nowotny is president of the European Research Council. Her 
term ends on 31 December. 
e-mail: helga.nowotny@wwtf.at 
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Bees are better 
for strawberries 


Bee pollination doesrt just 
boost yields of fruit crops — it 
also improves fruit quality, at 
least in strawberries. 

Strawberry plants can self- 
pollinate, or be pollinated by 
wind or bees. Bjérn Klatt of 
the University of Géttingen in 
Germany and his colleagues 
grew the fruit using a 
permeable plastic to eliminate 
wind and bee pollination, or 
fine-mesh bags to exclude 
just bees. They found that 
berries grown uncovered but 
pollinated by bees were heavier, 
redder, and had a longer shelf 
life and a more desirable sugar- 
to-acid ratio than wind- or 
self-pollinated berries. 

The researchers say that bee 
pollination boosts hormonal 
growth regulators that improve 
the quality of the berries. 

Proc. R. Soc. B http://doi.org/ 
qcg (2013) 


Melting ice spurs 
wild weather 


Recent weather extremes 
during summer in the 
Northern Hemisphere, such as 
the 2012 drought in the United 
States (pictured), seem to be 
linked to loss of Arctic sea ice 
and reductions in snow cover. 
Qiuhong Tang of the 
Institute of Geographic 


Selections from the 
scientific literature 


Baboons know when to be noisy 


Baboons can tell whether they need to make a 
ruckus to get attention or if they already have a 


captive audience. 


To see whether the animals adjust their 
mode of communication according to 
the level of an observer's attention, Marie 
Bourjade at Aix-Marseille University, France, 
and her colleagues tempted 16 captive olive 
baboons (Papio anubis; pictured) with a tasty 
fruit treat. The experimenters stood facing the 
animals with their eyes either open or closed, 


Sciences and Natural Resources 
Research in Beijing and 
his colleagues compared 
meteorological records with 
satellite observations of snow 
and ice. They found that Arctic 
sea-ice retreat and, to a lesser 
degree, decreased snow cover 
alter large-scale atmospheric 
circulation patterns — for 
example, by shifting the jet 
stream northwards. These 
changes typically cause 
heatwaves and other extreme 
weather events at mid-latitudes. 
The results could help to 
improve seasonal and longer- 
term climate forecasts, the 
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or turned away from the animals. 
Baboons made more begging hand gestures 


when experimenters had their eyes open. When 


team says. 
Nature Clim. Change 
http://doi.org/qds (2013) 


Trio of distant 
quasars found 


Astronomers have discovered 
three distant quasars that 

will allow them to probe 

the conditions of the early 
Universe. 

A team led by Bram 
Venemans at the Max Planck 
Institute for Astronomy 
in Heidelberg, Germany, 


the experimenters’ eyes were closed or their 
backs were turned, the monkeys tended to 
make noisy banging actions instead. Attention- 
getting gestures in monkeys may have been a 
starting point for the evolution of intentional 
vocal communication in great apes and 
humans, the researchers suggest. 

Anim. Behav. http://doi.org/qcb (2013) 


discovered the active galactic 
nuclei using the European 
Southern Observatory’s 
Visible and Infrared Survey 
Telescope for Astronomy 
Kilo-degree Infrared Galaxy 
(VIKING) survey. The 
findings bring the number 
of known quasars that are 
beyond the detection limit of 
visible-light cameras to four. 
The authors say that studying 
the quasars, which are thought 
to be powered by supermassive 
black holes more than 1 billion 
times the mass of the Sun, will 
shed light on how massive 
galaxies and black holes formed 


ANUP SHAH/CORBIS 


VICTOR J. BLUE/BLOOMBERG VIA GETTY 


ROBERT SIMMON/NASA/NOAA GOES 


less than 900 million years after 
the Big Bang. 
Astrophys. J. 779, 24 (2013) 


BIOTECHNOLOGY 


CRISPR corrects 
genetic disease 


A system for editing genes 
has now been used to repair 
disease-related mutations in 
mice and human stem cells, 
highlighting the technology’s 
therapeutic potential. 

The recently developed 
CRISPR system uses an RNA 
strand matching a target gene 
to guide a bacterial enzyme, 
Cas9, to excise the gene. 
Jinsong Liand his colleagues 
at the Shanghai Institutes for 
Biological Sciences in China 
used the technique in fertilized 
mouse eggs to correct the 
mutated Crygc gene, which 
causes cataracts. The mice grew 
into healthy adults that bore 
normal offspring. 

In a separate paper, Hans 
Clevers at the Hubrecht 
Institute in Utrecht, the 
Netherlands, and his team 
repaired the cystic fibrosis 
gene, CFTR, in cultured 
intestinal stem cells obtained 
from patients with the disease. 
Cell Stem Cell 13, 653-658; 
659-662 (2013) 


METEOROLOGY 


Satellite improves 
storm forecasts 


Data from a US Earth- 
observing satellite could 
help improve the accuracy 
of predictions of hurricane 
track and strength. 

When generating hurricane 
forecasts, the US National 
Weather Service does not use 
real-time information from 
weather satellites. But Xiaolei 
Zou at Florida State University 
in Tallahassee and her 
colleagues looked at the effect 
of including data from the 


Suomi NPP satellite, launched 
in 2011, on hurricane forecasts. 
The satellite's microwave 
instrument measures air 
temperature and humidity. 
Incorporating Suomi 
data into the government's 
hurricane model for four 
2012 storms, including Sandy 
(pictured), made for more 
accurate forecasts of track 
and intensity. The work 
suggests a way to improve 
the notoriously difficult 
predictions of storm strength. 
J. Geophys. Res. Atm. 118, 
11558-11576 (2013) 


|___NEUVROSCIENCE 
Primate brain 
makes oestrogen 


Ovaries are the main 
producers of oestrogen but 
when they give out, the brain 
in monkeys can take over in 
making the hormone. 

Ei Terasawa and her 
colleagues at the University 
of Wisconsin in Madison 
removed the ovaries of 
female rhesus monkeys 
(Macaca mulatta) and briefly 
stimulated the animals’ 
brains with oestrogen or an 
electrical current. The brain’s 
hypothalamus region began 
producing its own oestrogen, 
along with other hormones 
involved in reproduction. 

If human brains have the 
same capability, targeting this 
oestrogen source could be a 
way to treat diseases such as 
depression that may be linked 
to oestrogen imbalances, the 
authors say. 

J. Neurosci. 33, 19051-19059 
(2013) 


Why rabies hangs 
on after bat culls 


Culling vampire bats in South 
America to combat the spread 
of rabies could be having the 
opposite effect, according toa 
modelling study. 
Vampire bats (Desmodus 
rotundus) transmit 
the rabies virus by 
biting humans 
and livestock. 

aN 
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Gas production contaminates water 


> HIGHLY READ 
on pubs.acs.org 
in November 


Waste water from oil and gas production 
is contaminating surface waters and 
sediments in western Pennsylvania — even 


after it has been treated. 

In the United States, such waste is sometimes sent to 
treatment facilities and then discharged into streams and 
rivers. Nathaniel Warner, Avner Vengosh and their colleagues 
at Duke University in Durham, North Carolina, analysed the 
effluent in 2010-12 ata facility that treated water from gas 
wells in the Marcellus Shale. They looked at samples taken 
upstream and downstream of the facility, and found increased 
contaminants such as chloride and bromide downstream. 

Although treatment lowered the levels of barium and 
radium in the waste water, radioactivity levels from radium in 
river sediments near the facility were 200 times greater than 
background levels, and were above regulatory limits. 

The authors say that the elevated radium levels suggest a 
risk of radioactivity accumulating in wastewater disposal 
areas, and that better treatment technologies are needed to 


reduce contamination. 


Environ. Sci. Technol. 47, 11849-11857 (2013) 


Julie Blackwood at Williams 
College in Williamstown, 
Massachusetts, and her 
colleagues analysed field data 
on individual bats collected 
from 17 colonies in Peru 
between 2007 and 2010. They 
found that the rabies virus 
probably does not persist in a 
single bat colony, but instead 
is spread between colonies 

by wandering bats. Most 
infections do not kill bats but 
confer temporary immunity, 
which also maintains the levels 
of virus. 

Bat culls, the researchers 
note, may increase movement 
of bats and thus promote the 
spread of the disease. 

Proc. Natl Acad. Sci. USA 
http://doi.org/qb9 (2013) 


Ancient reptiles 
stuck to the air 


Flying reptiles that went 
extinct around 65 million 
years ago probably did not 
spend much time on water — 
even though fossils of the 
creatures with fish in their 


stomachs have been found in 
ancient oceans and lakes. 

David Hone, at Queen 
Mary University in London, 
and Donald Henderson at 
the Royal Tyrrell Museum of 
Palaeontology in Drumheller, 
Alberta, tested the floating- 
pterosaur hypothesis by 
creating computer models of 
what four pterosaurs might 
have looked like afloat. They 
took account of the reptiles’ 
bone density, skeleton shape 
and other factors. The models 
suggest that, under most 
conditions, pterosaurs would 
have oriented their heads 
horizontally to the water, 
leaving the bottom one- 
quarter to one-third of their 
heads submerged. 

Pterosaurs would have 
risked drowning if they spent 
too much time on the water, 
the researchers say. 
Palaeogeogr. Palaeoclimatol. 
Palaeoecol. http://doi.org/qcf 
(2013) 
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POLICY 


Dementia cases 
The number of people living 
with dementia around the 
world is now estimated to 

be 44 million, up 22% from 
three years ago, according 

to a report released on 

5 December by Alzheimer’s 
Disease International (ADI), 
a worldwide federation 

of Alzheimer’s disease 
associations. As people live 
longer, cases of dementia will 
triple to 136 million by 2050, 
the ADI says. See go.nature. 
com/ikdput for more. 


Palm-oil pledge 
Singapore-based agribusiness 
giant Wilmar International 
announced on 11 December 
that it would no longer operate 
or purchase from palm 
plantations made on recently 
deforested land. Palm oil is 
used in many food products 
and to produce biofuels, 

and the expansion of palm 
plantations has driven massive 
deforestation in places such 

as Indonesia and Malaysia. 
Wilmar is the world’s largest 
palm-oil supplier. 


UK spending 

The UK government 

will spend £270 million 
(US$441 million) over the 
next five years on a network 
of centres for quantum 
technology, Chancellor of the 


NUMBER CRUNCH 


94°C 

=z 

The coldest temperature ever 
recorded on Earth. NASA 
satellites pinpointed the 

low in Antarctica, where the 
previous record of —89.2°C 


was measured in 1983. 
Source: NSIDC 


Saturn’s six-sided storm 


NASA last week released high-resolution videos of a 
hexagonal jet-stream pattern, about 30,000 kilometres 
across, around the north pole of the gas giant Saturn. The 
images, snapped by the Cassini spacecraft, show in detail 
the stream of 320-kilometre-per-hour winds that was first 
spotted by the Voyager probe in the early 1980s. 


Exchequer George Osborne 
announced last week. In an 
annual budget statement, 

he added that the country 
would remove caps on student 
numbers at universities 
(allowing more money to flow 
to science courses), and spend 
£375 million over five years in 
building research capacity in 
collaboration with ‘emerging 
powers’ such as China. See 
go.nature.com/wbxama 

for more. 


Animal welfare 

The treatment of laboratory 
animals at one of the United 
Kingdom's most prestigious 
universities has been severely 
criticized by an independent 
review, set up in the wake of 
an undercover investigation 
by an animal-rights group. 
Imperial College London's 
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animal-research facilities are 
under-resourced and operating 
without adequate systems for 
supervision and ethical review, 
found the report, which was 
published on 10 December. 

See page 187 and go.nature. 
com/4dxlf4 for more. 


Planetary hole 
Researchers at NASA's 
planetary science division are 
grumbling that a reshuffle 
could see them miss out on 
grants next year. Under a 
newly formed programme, 
announced on 3 December, 
research funding has been 
sorted into five large themes 
— but the biggest area, Solar 
System workings, will not be 
calling for funding proposals 
until 2015. The gap is 
worrying some scientists who 
are used to living from grant 


to grant — and are already 
concerned by shrinking 
budgets. See go.nature.com/ 
ntuiln for more. 


Global Fund cash 
The Global Fund to Fight 
AIDS, Tuberculosis and 
Malaria secured US$12 billion 
in firm funding pledges for the 
next three years at a meeting 
with donors in Washington 
DC last week. The amount 
was more than the $9.2 billion 
in firm pledges that the fund, 
based in Geneva, had obtained 
in 2010 for the period 
2011-13. But it fell short of the 
$15 billion the fund sought. 


} RESEARCH 
HIV hope dashed 


HIV has reappeared in two 
people who had seemed to be 
free of the virus after receiving 
bone-marrow transplants. The 
two men were treated in 2008 
and 2010, respectively, and 

in July doctors said that the 
pair had remained free of HIV 
for eight months after they 
stopped taking antiretroviral 
medication. But the virus has 
returned, researchers said last 
week; a disappointing but not 
surprising result given that 
the transplanted cells were not 
resistant to HIV (unlike in the 
case of the successfully cured 
‘Berlin patient, Timothy Ray 
Brown). See go.nature.com/ 
vy2eas for more. 


US quality ranking 
The United States is sliding 
down the ranks of research 
quality as measured by the 
relative citation impact of its 
papers, according toa study 
commissioned by the UK 
government (see graph). It 
was overtaken in the rankings 
(normalized for field) by the 
United Kingdom in 2006 and 
by Italy in 2012, say figures 
from SciVal Analytics, the 
analysis arm of publishing 
firm Elsevier. But the United 
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States remains well ahead in 
terms of its share of the world’s 
top 1% cited articles. 


Bacterial genomes 


DNA sequencing company 
Pacific Biosciences has 
announced an effort to fully 
sequence the genomes of 3,000 
bacterial strains over three 
years. The company, based in 
Menlo Park, California, said 
on 3 December that it would 
collaborate with the Wellcome 
Trust Sanger Institute, near 
Cambridge, UK, and Public 
Health England, whose 
National Collection of Type 
Cultures will provide the 
bacterial strains. The 93-year- 
old collection contains more 
than 5,000 bacterial strains, 
including many human and 
animal pathogens. 


PEOPLE 
Polar-bear payout 


A federal scientist has won 
a $100,000 payout from 
the US Department of the 


TREND WATCH 


The latest release of the US 


National Science Foundation’s 
survey of earned doctorates in 


the United States reveals the 
remarkable rise of PhDs in 
neuroscience over the past 
decade compared with other 


biological disciplines. Doctorates 


in that field have more than 
doubled, whereas the total 
number of doctorates has 
increased by only 27%. Other 
fast-growing disciplines 
include bioengineering 
(382% rise) and computer 
sciences (228%). 


Interior, which had accused 
him of publishing false data 
in a paper reporting that four 
polar bears had drowned 

in the Arctic (C. Monnett 
and J. S. Gleason Polar 

Biol. 29, 681-687). Charles 
Monnett was cleared of any 
misconduct last year after a 
government investigation 
(see go.nature.com/dfio5o), 
and he subsequently filed a 
whistleblower complaint. In 
the settlement, announced 
on 4 December, Monnett 
also agreed to retire from his 
post at the Bureau of Ocean 
Energy Management in 
Washington DC. 


Data chief 

The US National Institutes 

of Health (NIH) is getting 
into big data in a big way. On 

9 December, the NIH named 
pharmacologist Philip Bourne 
of the University of California, 
San Diego, as its first 
permanent associate director 
for data science. Bournes 
office will handle NIH-wide 
initiatives involving big data 
from fields such as genomics 
and electronic medical records. 


He will start at the NIH in 2014. 


Criminal suspect 
An ongoing criminal 
investigation into the state- 
funded Cancer Prevention 
and Research Institute of 
Texas (CPRIT) has nabbed 
a suspect. On 3 December, 
a Texas attorney general 


filed an indictment against 
Jerald Cobbs, former chief 
commercialization officer for 
CPRIT in Austin, for allegedly 
awarding an US$11-million 
grant to the Dallas-based 
drug company Pelotron 
Therapeutics without approval 
from the proper review 
committee. For more on 
concerns at CPRIT, see Nature 
486, 169-171 (2012). 


Start-up stimulus 

A US$100-million initiative to 
support life-sciences start- 
ups in New York City was 
launched on 4 December by 
the New York City Economic 
Development Corporation. 
The non-profit organization 
will provide $10 million, with 
$50 million coming from 
venture capitalists. Three 
firms will offer the remaining 
$40 million: Eli Lilly in 
Indianapolis, Indiana; Celgene 
in Summit, New Jersey; and 
GE Ventures in Fairfield, 
Connecticut. 


Gene testing 
Personal-genomics company 
23andMe will no longer 
provide health-related 
information to new customers, 
the firm said on 5 December. 
The move came in response to 
a 22 November warning letter 
from the US Food and Drug 
Administration (FDA) telling 
the company, which is based 


MORE BRAINS STUDYING BRAINS 


The number of US PhDs awarded in neuroscience has doubled over 


the past decade. 
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14 DECEMBER 
China’s Change-3 
spacecraft attempts to 
land on the Moon. 


in Mountain View, California, 
to stop marketing its genetic- 
testing service as a medical 
device without approval (see 
Nature http://doi.org/qdm; 
2013). A class-action lawsuit, 
filed against the firm on 

27 November in the Southern 
District of California, accuses 
it of false advertising for selling 
its saliva-testing kit without the 
FDAs blessing. 


Clinical-trial data 


Drug firm Pfizer has joined 
companies that are opening 
up access to their clinical-trial 
information (see Nature 495, 
419-420; 2013). The company, 
which is headquartered 

in New York, said that it 
would consider requests for 
anonymized patient-level 

data from trials completed 
more than two years ago if the 
trial products were approved 
or discontinued. Summaries 
of the ‘clinical study reports’ 
(CSRs) for approved products 
will also be published online. 
The AllTrials group, which 
campaigns for more access to 
clinical-trial data, said that the 
statement contained loopholes 
— such as excluding ‘off-label 
studies — and that full CSRs 
should be available. 


Pricey pill 

On 6 December, the US Food 
and Drug Administration 
approved sofosbuvir, a pill 
for hepatitis C made by 
Gilead Sciences in Foster 
City, California. Unlike older, 
injected therapies, sofosbuvir 
can be administered without 
being accompanied by 
interferon, which has toxic 
side effects. The course of 
treatment will cost $84,000 — 
$1,000 per pill. 


> NATURE.COM 
For daily news updates see: 
www.nature.com/news 
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Banana plantations are at risk from a disease known as Fusarium wilt. 


Fungus threatens 
top banana 


Fears rise for Latin American industry as devastating 
disease hits leading variety in Africa and Middle East. 


BY DECLAN BUTLER 


variant of a fungus that rots and kills 
A* main variety of export banana has 

been found in plantations in Mozam- 
bique and Jordan, raising fears that it could 
spread to major producers and decimate sup- 
plies. The pathogen, which was until now lim- 
ited to parts of Asia and a region of Australia, 
has a particularly devastating effect on the 
popular Cavendish cultivar, which accounts 
for almost all of the multibillion-dollar banana 


export trade. Expansion of the disease world- 
wide could be disastrous, say researchers. 
The disease is caused by strains of a soil 
fungus called Fusarium oxysporum f. sp. 
cubense (Foc). A strain of Foc previously wiped 
out the Gros Michel cultivar, which was the 
main exported banana variety from the nine- 
teenth century until the 1950s. In response, the 
industry replaced Gros Michel plants with the 
Cavendish variety, which is resistant to that 
Foc strain. But Cavendish is susceptible to the 
new Foc Tropical Race 4 (Foc-TR4) strain, and 


could meet the same fate as Gros Michel if the 
fungus reaches Latin America, the world’s lead- 
ing banana exporter, says Rony Swennen of the 
Catholic University of Leuven in Belgium, and 
a banana breeder at the International Institute 
of Tropical Agriculture in Dar es Salaam. “It’s 
a gigantic problem,’ he adds. Although Foc 
strains spread slowly, they are almost impos- 
sible to eliminate from soil. 

Foc-TR4 was first detected in Asia in the 
1990s, and is now found in Taiwan, Indonesia, 
Malaysia, the Philippines, China and northern 
Australia (see ‘Fruit threat’). The outbreak in Jor- 
dan, reported on 29 October (FE. A. Garcia et al. 
Plant Dis. http://doi.org/qd3; 2013), was the 
first to be described outside those nations. The 
Mozambique outbreak was reported last month. 

Nobody is sure how the fungus arrived in 
Jordan or Mozambique. Migrant workers from 
Asia might inadvertently have brought contami- 
nated soil with them. Another possibility is the 
import of infected rhizomes — the stems from 
which banana plants propagate. But much of 
the Cavendish industry now uses tissue culture, 
which produces pathogen-free plantlets. 

To slow the spread, good farm hygiene, and 
prompt quarantine and destruction of infected 
plants are crucial. Altus Viljoen, a researcher at 
Stellenbosch University in South Africa, was 
called in to identify the cause of the Mozam- 
bique outbreak, and says that authorities were 
quick to take action. He estimates that the dis- 
ease has been present for two to three years. 

Gert Kema, a Fusarium researcher at Wage- 
ningen University and Research Centre in 
the Netherlands and co-author of the Jordan 
report, believes that further spread is inevita- 
ble. “I'm incredibly concerned,” he says. “T will 
not be surprised ifit pops up in Latin America 
in the near future.’ That region, along with the 
Caribbean, accounts for more than 80% of 
banana exports. If Foc-TR4 takes root there, 
it could lead to the slow demise of industrial 
farming of the Cavendish variety. 

Smaller farms in Asia are already trying to 
mitigate losses. Tissue culture of Cavendish 
plants has generated variants with random 
mutations that confer partial resistance to 
Foc-TR4. Planting of these variants, in com- 
bination with measures such as crop rota- 
tion, has allowed the cultivation of bananas 
on contaminated land. But production losses 
and higher costs make affected plantations less 
economically viable. 

Progress in creating bananas fully resistant > 
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SOURCE: FAO 
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> to Foc-TR4, either by classical breeding or 
genetic engineering, has so far been limited. 
The wild Asian banana Musa acuminata 
malaccensis — the genome of which was 
published last year (A. D’Hont Nature 488, 
213-217; 2012) — seems to be resistant, and 
researchers are experimenting with putting 
its resistance genes into the Cavendish. The 
resulting transgenic specimens have been in 
field trials for 18 months on contaminated 
ground in Australia, and are looking “very 
promising’, says James Dale, director of the 
Centre for Tropical Crops and Biocommodi- 
ties at Queensland University of Technology 
in Brisbane, Australia. But he cautions that 
the full results are not yet in. 

For those who buy their bananas in super- 
markets, the Cavendish may well be the only 
variety they know. But exports of the cultivar 
account for only about 13% of the 150 mil- 
lion or so tonnes of bananas and cooking 
bananas (plantains) produced annually. 
Industrial farms growing a single Cavendish 
cultivar are at a high risk of Foc-TR4 infesta- 
tion, but the fungus poses less of a threat to 
the bulk of the bananas that provide a staple 
for some 400 million people worldwide. 

Most of the bananas important for the 
food supply are grown by smallholder farm- 
ers in low-income countries and consumed 
locally. Hundreds of cultivars are farmed, 
and this biodiversity is an important ram- 
part against disease. Researchers do not yet 
have a full picture of the susceptibility of 
these varieties, but many cultivars are likely 
to be resistant to Foc-TR4 because they are 
biologically different to the Cavendish. 

For his part, Dale is trying to engineer 
Gros Michel bananas for resistance to the 
original Foc strain. The Cavendish is bland 
by comparison and it bruises more eas- 
ily. Dale would like to see Gros Michel on 
supermarket shelves again. “It’s such a supe- 
rior banana to Cavendish. To bring it back 
would be wonderful.” m 21 


FRUIT THREAT 


A fungus strain that kills banana plants has 
been detected in three of the world's top 
producers of the fruit. 
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Grounds for concern: a sinkhole in Florida devoured a pool, a boat and two houses on 14 November. 


Florida forecasts 
sinkhole burden 


Predictive model will map areas vulnerable to collapse. 


BY ALEXANDRA WITZE 


21-metre-wide hole in the ground 
Ave! up behind two homes last 
month in Dunedin, Florida, swal- 
lowing a swimming pool, a boat and eventu- 
ally both houses. Days later, geologist Clint 
Kromhout found himself on the phone with a 
woman who lived nearby. She was upset, and 
ready to sell her house and leave the state. 
Kromhout, who works with the Florida 
Geological Survey in Tallahassee, gave her his 
usual speech: anyone here should get used to 
sinkholes. In the easily erodible karst terrain 
of Florida, they strike regularly and seemingly 
at random. In August, sinkholes collapsed a 
three-storey holiday villa near Disney World. 
In February, a sinkhole in Seffner entombed 
aman while he slept. “If you live in Florida, a 
bunch of things are given: sunshine, beaches, 
hurricanes — and sinkholes,’ Kromhout says. 
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But this autumn, he and his colleague Alan 
Baker began to develop a weapon in the battle 
against their state's geology: a predictive map. 
By 2016, they expect to have a state-wide map 
that is colour-coded by category of sinkhole 
vulnerability at a scale of around 1 kilometre. 
“We want to produce a map that is scientifically 
defensible and not just based on some expert's 
opinion,’ says Kromhout. 

The result will feed into the multimillion- 
dollar battle between homeowners and insur- 
ance companies in Florida, where coverage 
for ‘catastrophic ground cover collapse’ is 
required but damage claims are often denied. 
It could also set a new standard for sinkhole- 
vulnerability studies in other states and 
countries, which typically compile maps of 
existing sinkholes but do not have predic- 
tive maps showing where new ones might 
form. Carbonate rocks such as limestone, 
which are prone to being chewed up into 
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Swiss-cheese-like karst terrain, cover 13% of 
the planet’s land (see ‘A sinking feeling’), and 
the problems that they create plague not only 
Florida but also much of the United States, 
Europe, China and beyond. 

How sinkholes form is well known. In one 
common scenario, naturally acidic rainwater 
percolates through carbonate rock and dis- 
solves it to form caves and other underground 
openings. Overlying sediments then collapse 
into the void, forming a sinkhole. 

Florida is particularly vulnerable because its 
layers of limestone are at most only a few tens 
of millions of years old; they have not had time 
to become compressed and more resistant to 
dissolution and erosion. In places, interleaved 
layers of sand from ancient beaches enhance 
the erosion of limestone. Layers of clay near 
the surface are strong enough to hold sedi- 
ments together even as voids form beneath 
them, but when the clays do give way, the 
chasms can be immense. Drought, hurricanes 
and the pumping of groundwater cause fluc- 
tuations in the water table — a further factor 
in the state’s propensity for sinkholes. “There 
are different styles and flavours of karst, but 
Florida is an animal all its own,” says Daniel 
Doctor, a karst expert at the US Geological 
Survey in Reston, Virginia. 

In June 2012, the issue came to the fore 
after Tropical Storm Debby swept across the 
state, inundating the ground after months of 
drought and causing hundreds of sinkholes 
to appear. That’s when the state division of 
emergency management contacted the Florida 
Geological Survey to see what it could do to 
prepare for future outbreaks. 

The state survey has mapped sinkholes 
for more than a century, but the records 
are patchy and biased towards urban and 
suburban areas, where sinkholes are more 
likely to cause property damage when they 
occur. The survey keeps a list of almost 3,500 
reported depressions, but some of those 
are unlikely to be ‘proper’ sinkholes, says 
Jonathan Arthur, director of the state sur- 
vey. Many could be other types of collapses 
caused by buried wood piles or old septic 
tanks that caved in. 

The sinkhole maps are also, by defini- 
tion, retrospective. But, funded by almost 
US$1.1 million from the state and the Fed- 
eral Emergency Management Agency, Krom- 
hout and Baker are using a technique that can 
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Carbonate rocks cover 13% of the world’s land surface and are susceptible to erosion by 
running water. The resulting karst terrain tends to have high numbers of caves and sinkholes. 
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predict future occurrences. Called ‘weights 
of evidence’, the three-decade-old method 
has its roots in the diagnosis of medical ill- 
nesses, and it has also been used in environ- 
mental settings such as mineral exploration. 
First, researchers collect information that is 
already held in various databases — factors 
such as the depth of limestone and the water 
table, and the presence of clays and streams. 
A computer model integrates the informa- 
tion and spits out a prediction of where sink- 
holes are most likely to form. Then the sites 

of known sinkholes 


“There are are used to test the 
different styles model's predictions. 
and flavours At 1-kilometre 
of karst, but resolution, the map 
Floridais an will still not be able to 
animal allits tell a property owner 
own.” if a hole is likely to 


appear below his or 
her shed. But it should prove helpful to emer- 
gency managers who are seeking clues as to 
where the next sinkhole swarm might form. 
Insurance companies are also likely to com- 
bine the map with their own studies when set- 
ting insurance premiums in different regions, 
Arthur says. 

Officials at all levels of government are 
looking to incorporate more solid scien- 
tific information into sinkhole policies, 
says Robert Denton, a senior geologist with 


GeoConcepts Engineering in Ashburn, 
Virginia. For instance, Virginia is looking to 
adopt standardized guidelines that any expert 
hired to assess a possible sinkhole would have 
to follow. And next year, the US Geological 
Survey is expected to release the first digitized 
version of its National Karst Map — a step 
that could push other states to develop pre- 
dictive maps. 

Across the globe, other governments have 
embarked on related steps. The Vaud canton in 
western Switzerland has been mapping sink- 
holes within its borders, in part to improve 
insurance requirements on public buildings 
in case of sinkhole damage. In Italy, scientists 
at the Institute of Research for Hydrogeological 
Protection (IRPI) in Bari have been compiling 
a database of sinkhole distribution. 

The Italian catalogue, which currently 
includes 900 sinkholes, is the first there to 
incorporate time of occurrence as well as loca- 
tion, says Mario Parise of the IRPI. That’s cru- 
cial for planning, he says, because local officials 
want to know not only where a sinkhole might 
form but also when. 

For the Florida team, plenty of work 
remains. This week, the researchers plan to 
explore state parks, checking to see whether 
circular features shown on maps really are 
sinkholes. From there, it’s a matter of hard 
work, then waiting to see whether they can 
predict the next hole in the ground. = 
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A GLOBAL EPIDEMIC 


By 2035, 592 million people will have diabetes, with the largest increases (%) occurring in the developing world. 
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Diabetes drugs ride 
a bumpy road 


Safety worries hamper emerging therapies. 


BY HEIDI LEDFORD 


iochemist Matthias Hediger imme- 
B diately saw the possibilities when his 

team discovered the protein SGLT2, 
which is used by the kidneys to soak up sugar 
from urine. Blocking the protein, he reasoned, 
would boost the loss of sugar from the body — 
a boon for diabetics with skyrocketing blood 
glucose levels. Furthermore, the mechanism 
would be independent of insulin, the hormone 
that regulates the absorption of sugar from the 
blood and the target for most diabetes drugs. 
“Tt was obvious it was important,” says Hediger, 
now at the University of Bern. 

Pharmaceutical companies have shared 
Hediger’s enthusiasm in the 20 years since 
that discovery: a dozen are working to develop 
SGLT2 inhibitors. The drugs are expected to 
earn US$6 billion of the $47-billion global 
market projected for type 2 diabetes medi- 
cations by 2022, according to Decision 
Resources, a market-research company based 
in Burlington, Massachusetts. 

But the drugs must first get past a regulatory 
agency that is on high alert. The list of safety 
risks for diabetes drugs keeps growing, follow- 
ing scares over liver and cardiovascular side 
effects of some drugs. Several worries have 
enveloped SGLT2 inhibitors, even a promising 
drug called dapagliflozin, which faces a hear- 
ing before advisers at the US Food and Drug 
Administration (FDA) on 12 December. 

“Safety issues have been a major cloud in 


diabetes drug development recently,’ says 
Andrew Krentz, an endocrinologist at the 
Profil Institute for Clinical Research in Chula 
Vista, California, which specializes in diabetes 
and obesity. “The scrutiny has been particu- 
larly intense.” 

Worldwide, 382 million people have diabetes, 
a number that by 2035 is expected to climb to 
592 million — almost 10% of the world’s pre- 
sent population, according to the Brussels- 
based International Diabetes Federation (see 
‘A global epidemic’). That growth is driving 
the pharmaceutical 


frenzy, but it also “The scrutiny 
amplifies safetycon- has been 
cerns: with such a_ particularly 


large patient base, intense.” 

even rare side effects 

can affect a significant number of people, espe- 
cially given that drugs for this chronic disease 
must be taken for years. Also, patients with 
type 2 diabetes tend to be obese and are prone 
to a host of other conditions, including heart 
disease and some cancers. 

Since 2008, the FDA has required drug 
developers to conduct clinical trials to test 
the heart risks of new diabetes medications. 
The decision came in the wake of a scare over 
Avandia (rosiglitazone), a popular diabetes 
drug that boosts sensitivity to insulin and that 
became linked to heart failure and stroke eight 
years after it was approved for the market. Last 
month, the FDA exonerated Avandia, which is 
made by London-based GlaxoSmithKline, and 
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rolled back restrictions on the drug's use — but 
the experience, along with liver damage asso- 
ciated with a related medication, has left drug 
developers on edge. 

Cardiovascular trials are expensive because 
they must enrol many patients and follow them 
for years to accrue enough heart attacks and 
strokes for statistical significance. Critics of the 
requirement fretted that it would stifle diabetes 
drug development. And that fear was bolstered 
in November when New York drugmaker Bris- 
tol-Myers Squibb announced that it was cutting 
its diabetes research efforts. But Sanjay Kaul, a 
cardiologist at Cedars-Sinai Medical Center in 
Los Angeles, California, says that since the 2008 
FDA rule, companies have set up about 15 car- 
diovascular trials of diabetes drugs, involving 
some 115,000 patients. “To me, that is not a 
reflection of innovation being stifled,’ he says. 

The SGLT2 inhibitors have raised different 
concerns. In 2011, FDA advisers expressed 
worry over dapagliflozin, then leading the pack 
of SGLT2 inhibitors en route to market, after 
clinical trial data showed that patients taking 
the drug were more likely to develop breast or 
bladder cancer. The numbers were too small 
to reach statistical significance, but they were 
enough to convince the FDA to reject the drug 
in January 2012. 

In July, the drug’s makers, Bristol-Myers 
Squibb and London-based AstraZeneca, sub- 
mitted a new application with updated clinical- 
trial data, which will be discussed at this week’s 
FDA meeting. Although the nature of the data 
is not known, advocates point to several hope- 
ful developments: in March, the FDA approved 
the first SGLT2 inhibitor, canaglifozin, and in 
April 2012, the European Medicines Agency 
approved dapagliflozin, despite the cancer link. 

But even if the concerns over SGLT2 inhibi- 
tors are allayed, many researchers do not think 
that they are a solution to one of the world’s 
most debilitating diseases. Kaul wants the FDA 
to stop approving diabetes drugs just because 
they lower blood sugar. Instead, he says, com- 
panies should prove that their drugs deliver real 
clinical benefits — reduced complications of the 
disease, such as kidney damage, amputations 
and vision loss. He notes that although blood- 
sugar reduction has been shown to benefit 
patients who have type 1 diabetes, the same has 
not been shown for those with type 2 disease. 

And for David Nathan, director of the 
Diabetes Center at the Massachusetts General 
Hospital in Boston, the problem with SGL2 
inhibitors is not so much their safety as their 
efficacy. The drugs lower blood sugar by less 
than half as much as some older drugs. He 
thinks that the real way to stem the diabetes 
epidemic might not be in lowering blood sugar, 
but in addressing excess weight. 

But weight-loss drugs have been harder to 
come by than new diabetes therapies — and 
they are every bit as fraught with safety con- 
cerns. “That’s where the emphasis should be,” 
says Nathan. “But that’s been a sad story.’ m 


SOURCE: IDF 
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Food fuelled with fungi 


Ecologists are starting to appreciate the power of microbes to make crops hardier. 


BY NICOLA JONES 


ith the planet’s population boom- 
ing and climate change threatening 
traditional ‘bread-basket regions, 


researchers are seeking ways to squeeze more 
food from the land. Some are taking a side- 
ways approach: instead of trying to produce 
hardier crops through breeding or genetic 
modification, they are manipulating the vast 
array of symbiotic microorganisms that live 
in plants. 

Next spring, Adaptive Symbiotic Tech- 
nologies in Seattle, Washington, will bring 
to market the first commercial product that 
harnesses such microorganisms — known as 
endophytes — to improve crops. The company 
plans to sell a mixture of fungi for coating rice 
and maize (corn) seeds, which it says will 
produce crops with high yields and reduced 
water use even in harsh conditions. “It’s a real 
paradigm shift in plant ecology,’ says company 
founder and plant biologist Rusty Rodriguez. 
“Up till now we have focused on plants as indi- 
viduals, as we have with animals.” 

In the same way that biologists are now 
starting to understand the power and influence 
of the trillions of microbes living in and on the 
human body, ecologists are getting to grips 
with plant microbiomes. The result is power- 
ful. Instead of having to find and introduce 
into a crop a single gene for a coveted trait such 
as salt tolerance, researchers can use a slew of 
interacting genes that comes pre-integrated in 
aliving organism, such as a symbiotic fungus. 

Conventional breeding has helped to create 
varieties with increased tolerance to drought, 
but progress in introducing new genes through 
genetic manipulation has been slow. Despite 
decades of research, only one drought-tolerant 
genetically modified crop has been approved 
in the United States: Monsanto’ DroughtGard 
maize, which expresses a stress-response gene 
from bacteria. 

Although symbiotic plant-microbe relation- 
ships — such as those of the nitrogen-fixing 
bacteria that live in the roots of legumes — 
have been known for many decades, applied 
research in this field is relatively recent. Only 
in the 1970s did researchers realize that a fun- 
gus living in symbiosis with tall fescue grass 
was responsible for making cattle grazing on 
infected pastures ill. Scientists in New Zealand 
later discovered that some endophyte-ridden 
grasses, although poisonous to livestock, were 
resistant to attack by weevils. This spawned 
a niche industry that develops and markets 


endophyte-hosting turf varieties that repel pest 
attacks without being toxic to animals. 

Now some researchers are applying simi- 
lar philosophies to food crops. The approach 
bucks a trend of sterilizing and simplifying 
crops, says Rodriguez. “Agriculture has spent 
the past century wiping out the microbes living 
in our plants, through pesticides and fertiliz- 
ers. Now wee trying to reverse that.” 


Maize could survive drought with the help of fungi. 


Endophyte researcher James White at 
Rutgers University in New Brunswick, New 
Jersey, agrees. “A lot of companies don't think 
this way — they go for chemical control. They 
think the microbes get in the way,’ he says. 
“It’s not the paradigm that these microbes are 
significantly impacting plants. But they are.” 
There are thought to be millions of endophytic 
microbes in the world; only a fraction have 
been identified, and any given plant can host 
hundreds. 

Rodriguez’s work began by happy accident. 
In the early 2000s, while studying the dozen or 
so plant species that can survive at 50°C in the 
hot soils near geothermal vents in Yellowstone 
National Park in Wyoming, he found that all 
of them carried a symbiotic fungus. Although 
neither the plants nor the fungi could toler- 
ate soil temperatures of 40°C by themselves, 
together they could (R. S. Redman et al. Science 
298, 1581; 2002). 

Rodriguez and his colleagues later discov- 
ered that the fungi were easily transferable: 
they could grow in anything from watermelons 


to maize and confer heat- and drought- 
tolerance on those crops. “The endophytes 
somehow protect the plants from oxidation, 
so the plants don’t turn up all their stress 
defences,” says Rodriguez. 

Those findings led him to look for other 
endophytes optimized to tackle the problems 
likely to be caused to particular food crops 
by climate change (R. S. Redman et al. PLoS 
ONE 6, e14823; 2011). The result is a com- 
mercial mix of about half a dozen fungi that 
the team named BioEnsure. Field tests done 
or commissioned by the company show that, 
compared to untreated seeds, the product 
increased maize yields by 85% in Michigan 
during a 2012 drought, increased seed ger- 
mination rates by two to five times during 
5°C cold snaps, and enabled maize to use 
one-third less water. In rice, the scientists 
saw yield increases of 3-6% in 2012 and 2013, 
despite drought and early-season planting 
when temperatures were cool. The crop also 
used 25-50% less water than normal. 

BioEnsure has been approved for use by 
the US Food and Drug Administration and 
the Department of Agriculture, and inde- 
pendent tests have shown the mixture to be 
non-toxic. Rodriguez plans eventually to 
produce targeted endophyte mixes for more 
crops, including soya beans, wheat, barley 
and sugar cane. 

But the question of whether BioEnsure will 
work in commercial conditions is hard to 
answer: although Adaptive Symbiotic Tech- 
nologies’ field-test results are public, they have 
not been peer reviewed. Richard Richards, 
who leads research to breed better wheat for 
the Australian Commonwealth Scientific and 
Industrial Research Organisation's plant indus- 
try division in Canberra, is dubious. “Typically, 
there is a metabolic cost of hosting an endo- 
phyte, so that crops with endophytes are likely 
to grow less and be less productive,” he says. 
Rodriguez counters that “in all the field work 
we've done over 15 years we haven't seen any- 
thing suggesting metabolic cost”. 

Others are cautiously optimistic. Mogens 
Nicolaisen, who works with plant pathogens 
at Aarhus University in Denmark, thinks that 
endophytes could be a good way to help intro- 
duce resistance to both drought and disease, 
including pathogens such as wheat rust, an 
area that Rodriguez says he is pursuing. But, 
Nicolaisen adds, getting the endophytes into 
seeds and regulating their growth in different 
environmental conditions will be tricky. “Tt will 
be very hard to control? he says. = 
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Mining in the Western Ghats region, where around one-third of India’s plant and animal species are found. 


CONSERVATION 


India faces uphill 
battle on biodiversity 


Government decision to limit protection for species-rich 
mountains angers conservationists. 


BY T. V. PADMA 


Running almost the length of the country’s 

western coast, the mountain range covers 
just 6% of India’s landmass but is home to more 
than 30% of its plant, fish, bird and mammal 
species, making it one of the world’s top ten 
biodiversity hotspots. But the mountains also 
contain large mineral reserves. 

The question of how to strike a balance 
between protecting and developing the region, 
home to 39 UNESCO World Heritage sites, 
has been troubling India. Last month, matters 
came to a head when ministers announced that 
they would accept the recommendations of a 
working group to cordon off more than one- 
third of the region and ban many industrial 
activities within it. 

This may sound like good news, but the 
recommendations ran roughshod over a 2011 
government-commissioned report by the 
Western Ghats Ecology Expert Panel. Headed 
by one of India’s leading ecologists, Madhav 
Gadgil, a visiting professor at Goa University 
in Taleigao Plateau, the report advised classify- 
ing the entire region as ecologically sensitive. 

The two groups are now at loggerheads, 
and the government's November decision has 
led to protests by conservationists, farmers 
and the mining and construction industries. 


I ndia’s Western Ghats are a tainted paradise. 


“There was no need for yet another report after 
the Gadgil committee report,” says Sreedhar 
Ramamurthy, managing trustee of the Envi- 
ronics Trust, a non-governmental organization 
based in New Delhi. “The aim seems to be to 
open up more areas for development projects.” 
Much of the concern over the Western Ghats 
(see ‘Protection limits’) centres on the rampant, 
and highly polluting, illegal mining of iron ore 
and manganese in Goa and Karnataka states. 
In 2010, environment minister Jairam 
Ramesh commissioned Gadgil to look at the 
region's ecological and industrial problems. 
The report, submitted in August 2011, graded 


m Existing protected 
area 

m= Western Ghats 
region 

— State borders 


PROTECTION 
LIMITS 


Current protected areas in 
the Western Ghats will be 
expanded to cover 37% of 
the region. 
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the entire Western Ghats into three zones of 
varying ecological sensitivity and recom- 
mended a ban on mining in the most sensitive 
areas. 

The report came a month too late for 
Ramesh, who was replaced in July 2011 after 
rattling the powerful mining lobby by enforc- 
ing environmental standards. The whole 
issue was shelved until August 2012, when 
Ramesh’s successor, Jayanthi Natarajan, com- 
missioned a panel headed by Krishnaswamy 
Kasturirangan, the former chairman of India’s 
space agency, to look again at the region. 

The resulting report recommends des- 
ignating just 37% of the Western Ghats as 
ecologically sensitive — some 60,000 square 
kilometres including World Heritage sites, 
protected areas and tiger reserves. Banned 
from this zone would be quarrying and min- 
ing activities, as well as other heavily polluting 
industries such as the manufacture of pesti- 
cides and cement. 

Almost all of the remaining area (60%) is 
designated as ‘cultural landscape; covering vil- 
lages, agriculture and non-forest plantations. 

The authors acknowledge that they “devi- 
ated” from Gadgil’s report by recommending 
prohibitions only on the most damaging activ- 
ities in the most sensitive areas, and instead 
placed a focus on “good development”. Indus- 
try bodies view the Kasturirangan report, 
which was accepted by the government on 
16 November, as an improvement on Gadgil’s. 

But the 37% demarcation has angered biodi- 
versity experts. They say that the panel has in 
effect left the rest of the Western Ghats open to 
industrial activities. On reading a draft of the 
report in May, Gadgil shot off an open letter to 
Kasturirangan, saying that the decision is “like 
trying to maintain oases of diversity in a desert 
of ecological devastation”. 

In an interview with Nature, Gadgil added, 
“The report has arbitrarily come up with the 
concept of ‘natural’ and ‘cultural’ landscapes, 
suggesting that only ‘natural’ landscapes need 
to be protected. This has no scientific basis.” 

Narendra Prasad, former head of the land- 
scape ecology division at the Salim Ali Centre 
for Ornithology and Natural History in Coim- 
batore, thinks that the Gadgil report is “more 
acceptable” given that it favours a “more demo- 
cratic approach” and long-term sustainability. 

Kasturirangan did not respond directly to 
Gadgil’s criticism, but told Nature that issues 
raised by Gadgil “have already been well 
addressed” in his report. Government officials 
declined to comment. 

Gadgil notes that India’s 2002 Biologi- 
cal Diversity Act has sufficient provisions to 
protect the nature and people of the Western 
Ghats — if only the conditions were enforced. 
But “successive governments have done their 
best to scuttle them’, he says. The government's 
acceptance of the new report is yet another 
step, he adds, towards “development by impo- 
sition, and conservation by imposition” = 
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Life possible in the 
early Universe 


Planets orbiting the first stars could have been habitable, 
challenging arguments for a multiverse. 


BY ZEEYA MERALI 


liens might have existed during the 
Aus infancy. A set of calcula- 

tions suggests that liquid water — a 
prerequisite for life — could have formed on 
rocky planets just 15 million years after the 
Big Bang. 

Abraham Loeb, an astrophysicist at Harvard 
University in Cambridge, Massachusetts, has 
realized that in the early Universe, the energy 
required to keep water liquid could have come 
from the cosmic microwave background, the 
afterglow of the Big Bang, rather than from 
host stars. Today, the temperature of this relic 
radiation is just 2.7 kelvin, but at an age of 
around 15 million years it would have kept 
the entire Universe at a balmy 300 kelvin, says 
Loeb, who posted his calculations to the arXiv 
preprint server this month (http://arxiv.org/ 
abs/1312.0613). 

Loeb says that rocky planets could have 
existed at that time, in pockets of the Universe 
where matter was exceptionally dense, lead- 
ing to the formation 
of massive, short-lived 


stars that would hav "Thewhole 
Seah © Universe 

enriched these pockets 
: e was once an 
intheheavierelements . 

incubator for 
needed to make plan-  j., ,, 

life. 


ets. He suggests that 
there would have been 
a habitable epoch of 2 million or 3 million years 
during which all rocky planets would have been 
able to maintain liquid water, regardless of their 
distance from a star. “The whole Universe was 
once an incubator for life,” he says. 

Loeb’ result also challenges the anthropic 
principle, a line of reasoning that is invoked 
to explain why certain physical parameters 
seem to be tuned to the precise values needed 
for life: the Universe is the way it is because 
beings exist to observe it. The principle is 
consistent with the idea of a multiverse: if 
multiple universes exist, each based on differ- 
ent parameters, then intelligent beings should 
not be surprised to find themselves in one in 
which those parameters are suited to life. 

In the 1980s, Nobel laureate and physicist 
Steven Weinberg used an anthropic argument 
to calculate a maximum value for a measure 


of the intrinsic energy of the vacuum in space 
that, in theory, would push space outwards. 
Weinberg pointed out that unless this value is 
tiny, it would have torn matter apart before the 
Sun, Earth or humans could have come into 
existence. His prediction seemed to be con- 
firmed in the late 1990s, when astronomers 
discovered dark energy, which seems to act like 
a vacuum force that accelerates the expansion 
of the Universe — but by only a small amount. 
According to particle physicists’ calculations, 
dark energy should actually be some 120 orders 
of magnitude stronger than Weinberg’s maxi- 
mum value. Multiverse proponents take this as 
evidence that multiple universes exist that have 
higher values of vacuum energy. 

But during Loeb’s proposed habitable epoch, 
matter was so dense that even if the vacuum 
energy had been a million times stronger, it 
would not have prevented the formation of 
stars and rocky planets, and the emergence 
of life. Thus, Loeb says, advocates of the 
anthropic principle cannot claim that the small 
value observed now is the only one that could 
be observed by living beings. 

Responses to Loeb’s work vary. Christopher 
Jarzynski, a biophysicist at the University of 
Maryland, College Park, is not convinced that 
life could exist in a uniformly warm Universe. 
Life on Earth depends thermodynamically not 
only on the heat source of the Sun, but also on 
the cold cosmic microwave background, which 
provides a heat sink, he notes. “Life feeds off 
this,” he says. And Alexander Vilenkin, a 
cosmologist at Tufts University in Medford, 
Massachusetts, says that a few million years is 
too short a time to produce intelligent life. 

Yet Freeman Dyson, a physicist at the Insti- 
tute for Advanced Study in Princeton, New 
Jersey, thinks that life might be more adapt- 
able than we think. “Anything is habitable if 
you are clever enough,” he says. m 


CORRECTION 

The News story ‘Image search triggers Italian 
police probe’ (Nature 504, 18; 2013) should 
have said that paper identified as problematic 
and being retracted was in Cell Death and 
Differentiation, not Cell Death and Disease. 
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THE MEDICAL TESTING CRISIS 


With a serious shortage of medical isotopes looming, innovative companies 
are exploring ways to make them without nuclear reactors. 


BY RICHARD VAN NOORDEN 


tenance. This was not surprising, given that both were around half 

a century old. But these reactors happened to produce most of the 
world’s supply of the radioactive tracer technetium-99m, an isotope 
injected into patients in 70,000 diagnostic scans a day. Hospitals around 
the world went into a panic. 

Finding themselves suddenly short of the crucial isotope, doctors 
cancelled scans, postponed operations or switched to older diagnostic 
techniques that exposed patients to higher doses of radiation. “It was the 
isotope equivalent of an electricity blackout,’ says Ronald Schram, who 
manages one of the affected reactors, the High Flux Reactor at Petten in 
the Netherlands. Nobody knows exactly how much damage was done, 
says Fred Verzijlbergen, head of the department of nuclear medicine at 
Erasmus Medical Center in Rotterdam, but “it was very serious. Many 
hospitals didn't receive technetium for weeks.” 

The crash made it painfully clear that the world’s medical-isotope 
supply chain was dangerously fragile, relying heavily on about four 
government-subsidized reactors built in the 1950s and 1960s. Isotope 
supplies have taken a hit again and again, most recently last month, 


| n 2009, two nuclear research reactors shut down for repairs and main- 
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when Canada’s Chalk River reactor shut down unexpectedly for a few 
days at the same time as two other reactors. And more shortages are 
coming. The Chalk River reactor, which produces close to one-third of 
current global supplies, is slated to end production of isotopes in 2016. 

But for nuclear engineer Greg Piefer, the crisis presents an oppor- 
tunity. In 2005, fresh out of a nuclear-engineering doctorate at the 
University of Wisconsin-Madison, he had dreamed up a way to use 
particle accelerators — rather than nuclear reactors, with their problem- 
atic waste — to transform uranium into technetium. His idea did not 
get much attention at the time. After the 2009 disaster, however, politi- 
cians demanded new ways of making medical isotopes, particularly in 
the United States, which accounts for 50% of world medical-isotope 
demand but has no local production capacity. Piefer’s ideas, and those 
of other aspiring entrepreneurs, were thrown into the spotlight. 


TECHNICAL CHALLENGE 

At least five North American companies and collaborations, including 
Piefer’s firm, SHINE Medical Technologies in Madison, are pioneering 
methods that should produce medical isotopes in the next few years. It 
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is not clear which will win out — nor whether 
they can replace the conventional reactor 
approach or be ready soon enough to avert 
another shortage. “It’s boiling down to a rather 
critical situation in 2015-16,” says Schram. 

Technetium-99m is often called the workhorse of modern medical 
imaging, because it accounts for about 80% of the world’s use of radio- 
active isotopes in nuclear medicine, 90% of which is diagnostic scans. 
A y-ray emitter with a half-life of just 6 hours, it can be attached to a 
molecule that targets the organ of interest. Medical scans known as 
single-photon emission computed tomography (SPECT) then pick up 
the glow of the radioisotope. Such tests are used to check how well blood 
is flowing to heart muscles, to spot whether cancers have spread through 
bones and to assess blood flow in the brain. 

The creation of technetium-99m involves one of those miraculous, 
globe-crossing supply chains that modern economies have rendered 
commonplace. The journey starts with enriched uranium from the 
United States, which is made into plates and shipped to research reac- 
tors around the world. Each plate is baked for a week in the glare ofa 
nuclear reactor’s neutrons, which fission about 
6% of the uranium into molybdenum-99. This 
has a half-life of 66 hours and slowly decays 
into technetium. Hospitals across the globe 
purchase ‘moly cows’ — paint-tin-sized devices 
that hold the molybdenum-99 bound tightly to 
alumina. By flushing the technetium out with 
saline solution, hospital technicians can milk 
the moly cows for fresh supplies of technetium 
for up to two weeks. 

Nuclear reactors are the most efficient way to 
produce molybdenum, says Benard Ponsard, 
who manages the isotope-producing BR2 reac- 
tor in Mol, Belgium. Many others agree. In the 1990s, Canada planned 
new reactors that would have circumvented many of the shortages, but 
these were mothballed in 2008 after technical problems emerged that 
proved too expensive to fix. So other countries are now racing to fill 
the gap. BR2 aims to start upgrading its medical-isotope capacity at the 
end of 2014. The OPAL reactor in South Sydney, Australia, is planning 
upgrades that would quadruple its isotope supplies by 2017. New reac- 
tors or upgrades are planned from Argentina to China (see ‘Supply fix). 

This promises a lot of production capacity. But there could still be 
problems. The new reactors might not supply enough isotopes to provide 
a sufficient cushion in case of major breakdowns, notes Robert Atcher, 
director of the US National Isotope Development Center, created in 2009 
by the Department of Energy to help to manage isotope distribution. 


Many diagnostic scans 
rely on radioactive 
technetium-99m. 


PRICE HIKES 
More crucially, the cost of reactor-sourced molybdenum could skyrocket. 
Because the reactors are involved in research, they are subsidized by their 
host governments and sell their molybdenum at below-market prices. This 
means there is little incentive for companies to invest in new production 
facilities, concluded a post-crisis review by the Nuclear Energy Agency 
(NEA) of the Organisation for Economic Co-operation and Develop- 
ment (OECD) in Paris. The NEA has endorsed a plan to end the subsi- 
dies, which those in the supply chain are now preparing for. According to 
Ron Cameron, head of nuclear development for the agency, the price of 
molybdenum from reactors could increase as much as sevenfold when 
that happens. Meanwhile, the United States has decided to stop export- 
ing highly enriched uranium, because it might be intercepted to make 
nuclear weapons. By 2020, reactors will have to make do with low-enriched 
uranium fuel and plates — which could increase molybdenum costs from 
reactors by another 40%. The final price to the middle-man is “very much 
up in the air’, says Atcher, who guesses it might increase 15-fold. 

That has led some to seek a radical alternative. Rather than depending 
on a few distant centres of production, each costing hundreds of millions 
of dollars, hospitals could get their isotopes locally from facilities that 


"IT'S BOILING DOWN 
TO A RATHER CRITICAL 
SITUATION IN 2015-16." 
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have small medical cyclotrons costing just a few million dollars, says Paul 
Schaffer, head of the nuclear medicine division at TRIUME, Canada’s 
national laboratory for particle and nuclear physics in Vancouver, and 
leader of a team pursuing this idea. 

In the cyclotron model, neither nuclear reactors nor uranium are 
needed. A beam of accelerated protons shoots into a target of molybde- 
num- 100, creating technetium-99m directly. Technetium’s 6-hour half- 
life means that the product cannot be transported far: a single cyclotron 
could cover maybe a 400-kilometre radius. The idea is to have lots of 
cyclotrons distributed across major urban areas. That is not as ambitious 
as it might seem, points out TRIUMF spokesman Tim Meyer: many 
hospitals already use in-house cyclotrons to produce isotopes for a more 
advanced form of imaging, positron emission tomography. 

In June, the TRIUMF team announced that by running an upgraded 
cyclotron in Vancouver overnight, it could make enough technetium to 
satisfy the city’s needs. “The dozen or so cyclotrons [already] in Canada 
could cover 90% of the population and 50% of the geography” when 
adapted with a TRIUMF upgrade kit, says Meyer. The team awaits 
approval from Health Canada, which will confirm that its technetium 
is safe for use. Schaffer says that cyclotrons will 
not produce enough technetium to supply all 
of Canada’s needs by 2016. “Buta decentralized 
supply is certainly possible in the long term,” 
he says. 

Other countries seem to be interested in the 
strategy. Advanced Cyclotron Systems — a firm 
in Richmond, Canada, that sells cyclotrons and 
is working to make cyclotron technetium — has 
had inquiries from the United Kingdom, Saudi 
Arabia, Thailand and more. “It’s got health 
authorities in many countries quite excited? 
says John Taylor-Wilson, the company’s vice- 
president of marketing and business development. 

Atcher, however, is not convinced that the approach will be helpful in 
the United States, where, by chance, most hospitals have lower-power 
cyclotrons that could not produce as much technetium. And if a cyclo- 
tron goes down for repair, an urban area might be left without a back-up 
plan. 


BRIGHT IDEAS 

Piefer has a plan that is a little less radical than the cyclotron model. His 
team at SHINE wants to stick with the current distribution system, but 
get rid of the expensive nuclear reactor at the system's heart. 

SHINE’s technology uses a linear accelerator to slam deuterium ions 
into tritium gas, producing helium and neutrons. The neutron flux is 
orders of magnitude less than that emerging from a nuclear reactor. 
Instead of a small uranium plate, the neutrons are fired into a couple of 
hundred litres of warm, low-enriched uranium salts. The molybdenum 
can be rinsed away using ion-exchange resins, and the unconverted 
uranium recycled for use in the same facility. Nuclear waste is produced 
from the uranium target, but it is only a small fraction of that produced 
from reactor fuel, notes Piefer. 

Piefer hopes to build a facility in Janesville, Wisconsin, which he says 
would supply half of the United States’ need for technetium (about one- 
quarter of world demand). But construction has not started yet, because 
the firm — like any US company working with uranium — has to wait 
for a permit from the Nuclear Regulatory Commission. And it needs to 
raise another US$150 million, on top of $30 million raised so far from a 
Department of Energy grant and investors. “If sufficient funding were 
available, wed start production by the end of 2016,” Piefer says — about the 
same time the Chalk River reactor ends its supply. 

Piefer will face some competition from right 
across town. Madison is home to another innova- 
tive medical-isotope company: NorthStar, which 
also hopes to supply half the United States’ medical 
isotope needs in the next few years — and in the 
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SUPPLY FIX 


Today, just a few nuclear reactors provide global supplies of technetium-99m (Tc-99), 
the most popular tracer used in medical scans. Many of the reactors are old and some 
will soon stop producing medical isotopes, leaving the world vulnerable to shortages. 
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New nuclear reactors will diversify isotope supplies in coming years. But 
researchers are also developing production methods that avoid using a reactor or a 
uranium target. Some schemes produce little or no nuclear waste. 
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longer term, aims to double that output with a second project. The fact 
that it has ended up so close to SHINE is “a bizarre coincidence’, says 
Piefer; the rivals are “cordial but competitive”, he adds. 

Whereas SHINE avoids using a nuclear reactor but keeps a uranium 
target, NorthStar aims to do the opposite. It ditches the uranium target 
but — at least at first — still makes use ofa reactor. The company’s short- 
term plan is to use the research nuclear reactor at the University of Mis- 
souri in Columbia to fire neutrons into a molybdenum-98 target, making 
molybdenum-99. This would be very quick to get up and running, but it 
invites complications on another front. Rather than being able to separate 
molybdenum-99 from the surrounding uranium, which is relatively easy, 
the company has the trickier task of separating the desired isotope from 
the molybdenum starting material. So NorthStar has had to design a gen- 
erator to replace the moly cow. The result, about the size of a microwave 
oven, requires a computer, pipes and valves to extract technetium — more 
complex than the simple saline wash that hospitals use today. 

In March, NorthStar submitted a New Drug Application to the US 
Food and Drug Administration (FDA), seeking to prove that its milked 
technetium is equivalent to what comes out of moly cow generators. 
It is hoping to receive the final word by the end of the year, says James 
Harvey, the company’s chief science officer. “The Missouri project will 
be fully in production by mid-2014,” Harvey says. 

In the long-term, NorthStar has a more ambitious plan that would 
again cut reactors out of the system. It plans to use high-energy pho- 
tons froma linear accelerator to kick neutrons out of molybdenum-100 
to produce molybdenum-99. (Prairie Isotope Production Enterprises, 
a non-profit firm based in Winnipeg, Canada, is looking at a similar 
system, but on a smaller scale.) Again, NorthStar would need to use its 
microwave-sized hospital generator, assuming that it gets FDA approval. 
And although the company has raised $50 million already, it will need 
much more to get this scheme off the ground: Harvey will not reveal a 
figure, but says it is a lot less than $150 million. 

Atcher has doubts about both NorthStar and SHINE. “In a nutshell, 
both of these companies are start-up companies, he says, adding, “2016 is 
not that far away and they are scrambling to get their programmes going.” 


MARKET FORCES 

Underlying all the jostling are questions to which no one has good 
answers: how expensive the technetium from these new technologies will 
be, and whether the schemes will create enough to replace the nuclear- 
reactor approach. “Obviously, each of these competitors has a secret 
recipe where they think they can beat the odds,” says Meyer. But the 
uncertainty in the economics scared away larger companies such as Gen- 
eral Electric and Babcock and Wilcox, both of which initially showed an 
interest in developing medical-isotope schemes but backed out last year. 

Atcher thinks that reactors will always come out ahead. Others see a 
more diverse future. “The long-term scenario will really be driven by 
the market; says Schaffer. “I equate it to the electricity market, where 
we have nuclear, wind, hydroelectric, solar and so on. And the price of 
that source of electricity pretty much defines its share of the market. I 
believe the same thing will happen with isotopes, with sources from 
cyclotrons, linear accelerators and nuclear reactors.” 

So can hospitals avert catastrophe in 2016, when the Chalk River 
production facility shuts down? “On paper, it looks like the world can 
compensate,’ says Schaffer. But, he adds “it’s such a dynamic situation”. 
Cameron, more soberly, says that the answer will not be clear until he 
sees which reactors and companies ramp up production. “We have to 
do a lot of sums to see how the effects will balance out.” 

All the uncertainty about the technologies is leaving doctors such as 
Verzijlbergen concerned. “There is a lot of optimism but we need proof,” 
he says. “From the medical side I am interested in reliable supply.’ He 
still worries that in a few years he will have to go to patients with difficult 
news: that a widespread shortage of technetium means that they cannot 
have the diagnostic tests that they need. = 


Richard Van Noorden is a senior reporter at Nature in London. 
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arin Sigloch sailed into the Indian Ocean this autumn to 
retrieve traps she had set out the year before. She wasn’t 
hunting deep-sea creatures but something deeper and 
more elusive — a thin stream of hot rock rising through 
the bowels of the planet. 

Sigloch, a geophysicist at Ludwig Maximilians Uni- 
versity Munich in Germany, is one of the latest scientists 
to pursue this long-sought quarry, known as a mantle 
plume. Such features are thought to feed some of the 
most active volcanoes on Earth, and could fuel the big- 
gest volcanic outpourings ever seen. The one Sigloch 
is tracking, for example, has been linked to eruptions 
in India 65 million years ago that were so massive they 
may have contributed to the demise of the dinosaurs. 

Mantle plumes could also explain why the Hawaiian 
volcanoes and many others appear in the middle of crus- 
tal plates, far from where they might be expected. And, 
by releasing pent-up heat from Earth's interior, plumes 
could have played a major part in how the planet has 
evolved over billions of years. 
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BY ALEXANDRA WITZE 


The study of mantle plumes has been a mainstay of 
geophysics since the idea was introduced in the early 
1970s’. Using seismic waves to image the innards of the 
planet, researchers have captured hints of structures that 
appear to be plumes. But questions linger over what these 
deep features really are, and a small but vocal subset of 
critics continues to question whether plumes exist at all. 

This is why Sigloch and her colleague Guilhem 
Barruol of the University of La Réunion, on the French 
island of Réunion in the Indian Ocean, have spent the 
past six weeks trawling the ocean's depths. Battling bad 
weather, equipment glitches and the occasional shark 
attack on their instruments, the French-German team 
hauled up all 57 seismometers that they had left on the 
ocean bottom in autumn 2012. The instruments have 
been recording the seismic waves that race from distant 
earthquakes and shake the sea floor. By analysing those 
vibrations, the researchers plan to map out the rocks 
beneath Réunion to see whether a mantle plume feeds 
the island’s main volcano’. 

If they succeed, they may chart a mantle plume in 
greater detail than has ever been done before. They hope 
to answer some outstanding questions, such as where 
plumes originate, whether they rise vertically or cork- 
screw off to one side, and whether they branch into multi- 
ple smaller conduits just before breaching Earth's surface. 

“Up until now, people have tended to speak of plumes 
without direct observation,’ says Barruol. “Our experi- 
ment will be able to see if there is something there” 

Aska geophysicist how many mantle plumes exist, 
and the answer may range from zero to several dozen. 
Most scientists, however, settle on 10 to 20 volcanic hot 
spots, with some of the strongest examples in Hawaii, 
Réunion and Tristan da Cunha in the South Atlantic 
Ocean. The problem is knowing exactly how these 
regions are fed by plumes. 

Earthquakes offer a tool for answering that ques- 
tion. Because seismic waves travel more slowly through 
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molten or soft rock 
than through solid 
stone, researchers can 
map out temperature 
and density differ- 
ences inside Earth by 
analysing how quickly seismic waves arrive 
at different stations after an earthquake. This 
allows them to probe the planet’s outer crust 
and the underlying mantle — all the way down 
to the boundary with the core, some 2,900 kil- 
ometres below the surface. 

The problem is that seismic images strug- 
gle to pick up narrow features, and plumes are 
thought to be just several hundred kilometres 
across until they hit the underside of the 
planet's outer shell, or lithosphere, where they 
spread out to form the plume head (see ‘Deep 
heat’). “They should be there, but it’s hard to 
see them,” says Sigloch, who is moving to the 
University of Oxford, UK, in January. 

The key to getting better seismic images is 
to blanket Earth’s surface with instruments. 
On land, this approach has worked well at 
places such as Yellowstone National Park in 
Wyoming, thought to lie atop a mantle plume 
responsible for some of the biggest volcanic 
blasts in the past 2 million years. Those data 
were gleaned from a project called EarthScope 
that has been creeping across the contigu- 
ous United States for the past nine years (see 
Nature 503, 16-17; 2013), deploying tempo- 
rary seismometers in a 70-kilometre-square 
grid. It allowed seismologists to generate the 
best picture yet of the Yellowstone plume’, 
revealing the structure to be a hot, narrow 
upwelling that reaches into the lower mantle, 
at least 900 kilometres deep. 

But many mantle plumes are thought to 


The Piton de la 
Fournaise volcano on 
the French island of 
Réunion may sit atop 
a mantle plume. 


DEEP HEAT 


A plume of hot rock rising beneath Hawaii is 
thought to fuel the island’s active volcanoes. 
Movement of the oceanic plate over that plume 
has left a chain of older volcanoes such as those 
on the islands of Kauai and Oahu. 


underlie the oceans — and putting instru- 
ments on the sea floor is more difficult and 
expensive than deploying them on land. In the 
early 2000s, Barruol tooka first stab at study- 
ing a presumed oceanic plume by installing ten 
seismic stations on islands in French Polyne- 
sia. That turned out to be too few to determine 
whether a mantle plume was rising beneath the 
ocean floor in the South Pacific. 

In 2005, a University of Hawaii-led team 
upped the game, placing 36 ocean-bottom 
seismometers around the Hawaiian islands 
for a year and then shuffling them to differ- 
ent positions for a second year. The project, 
which went by the acronym PLUME, yielded 
the best images yet of some kind of deep struc- 
ture extending far beneath Hawaii’. 


WHAT LIES BENEATH 


But the more researchers looked at the Hawai- 
ian plume, the more complicated things got. 
In the classical plume paradigm, a jet of hot, 
viscous rock rises to the bottom of the litho- 
sphere, where it pools in a sort of pancake 
some 100 kilometres thick before trickling 
upwards to feed volcanoes. But under Hawaii, 
the seismic images suggest a different struc- 
ture, with an unexpected bulge in the plume 
well below the bottom of the lithosphere. 

Maxim Ballmer, a geophysicist at the Uni- 
versity of Hawaii at Manoa, thinks rock chem- 
istry can be used to explain what is going on’. 
If the plume is rich in a mineral called eclogite, 
which is denser than typical mantle materi- 
als, it will stall as it reaches a depth of about 
400 kilometres. The plume rock should pool 
there and spread out horizontally. Eventually, 
after more heat rises from below, the eclogite- 
rich rock would become buoyant enough to 
rise as a thin plume, Ballmer says. 
Researchers have also found other oddi- 
ties beneath Hawaii. A team led by Catherine 
Rychert at the University of Southampton, UK, 
used data from the PLUME experiment to 
detect a warm pool about 110-155 kilometres 
below the surface, but it seems to be centred 
about 100 kilometres west of the archipelagos 
main island rather than directly beneath it®. 
That could mean that the Hawaiian plume 
bends as it approaches the surface, Rychert 
says — maybe because of some kind of chemi- 
cal boundary that diverts the plume’s flow to 
one side, or perhaps because the plume rises 
along a skewed path to begin with. 

Beyond that, there is some dispute about 
how deep beneath Hawaii the PLUME 
experiment could reliably measure — per- 

haps only to 1,500 kilometres or so. One 
of Sigloch and Barruol’s goals is to use the 
dense array of instruments around Réun- 
ion to hunt even deeper for its plume. “We 
are hoping to complete this picture into the 
lower half of the mantle, which wasnt pos- 
sible in the case of Hawaii,” says Sigloch. 
The problem with Hawaii is that it lies in 
the middle of the Pacific Ocean. Réunion 
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has the advantage of being close to Madagascar 
and relatively close to southern Africa, where 
researchers can place seismic instruments more 
easily. Sigloch and Barruol are using data from 
Madagascar and Africa, along with some islands 
in the Mozambique Channel, to supplement the 
ocean-bottom seismometers they deployed last 
year. Altogether, about 120 seismic stations are 
being used for the Réunion study, covering an 
area some 2,000 by 3,000 kilometres. 

But even with all that, the Réunion work 
may not be definitive, says Cecily Wolfe, a seis- 
mologist at the University of Hawaii who led 
the PLUME study. “It really depends on what 
the structure is and what techniques and tricks 
they can apply to image it,” she says. 

No matter what the Réunion study finds, its 
results are unlikely to convince the few crit- 
ics of the plume hypothesis. One of them is 
Warren Hamilton, a geophysicist at the 
Colorado School of Mines in Golden. He says 
that ‘plumologists’ are biased towards seeing 
plumes in seismic data. 

There’s no question that plumes are more 
complicated than once thought. At this week’s 
American Geophysical Union meeting in San 
Francisco, California, Rychert is scheduled to 
talk about her seismic studies of several pos- 
sible plumes in areas including Hawaii, the 
Galapagos islands, Iceland and the Afar region 
of eastern Africa. The particular technique she 
uses probes only the upper few hundred kilo- 
metres and so cannot see deep into the mantle. 
But in most cases, as in Hawaii, she sees features 
about 100 kilometres deep that she thinks could 
be ponds of molten rock fed by plumes. And 
they aren't always where scientists might expect. 

In the Galapagos, Rychert has pinpointed 
three such features: one right where a mantle 
plume has been identified in the past and 
two in other locations. That could mean that 
plumes are smearing around as they hit the 
lithosphere, diverting and feeding separate 
volcanoes. “These seismic methods allow us 
to look in greater detail, and sometimes we 
see more complicated phenomena,’ she says. 
“Those are the exciting parts.” 

Sigloch and Barruol are expecting plenty 
of excitement in the coming months. Last 
week, they pulled into port at Réunion, their 
ship stacked with seismometers and precious 
data. It will be at least a year before they crunch 
through all that information and can see what 
is happening beneath Réunion. But the under- 
water traps seem to have caught their prey. m 


Alexandra Witze writes for Nature from 
Boulder, Colorado. 
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Support mothers to secure 
future public health 


Evidence that long-term health is shaped by the environment in early life calls for 
prenatal interventions to tackle chronic disease, argue David Barker and colleagues. 


orldwide, chronic diseases are 
on the rise. Globally, the preva- 
lence of adult-onset diabetes is 


expected’ to approximately double by 2030, 
and that of cardiovascular disease to increase 
by about 35% (ref. 2). Current approaches to 
curbing this situation are failing. 

More than 30 years of epidemiological 
studies using data from several hundred thou- 
sand people around the world point to factors 
during prenatal and early childhood develop- 
ment that contribute to these statistics. 

Together, these data suggest that instead 
of focusing exclusively on people's genes, or 


on their diets and lifestyles in adulthood, we 
need a developmental approach to public 
health. People working in public health must 
support girls and young women with low 
incomes to help them to feel more in con- 
trol of their lives and so better able to prior- 
itize healthy eating. At the same time, better 
access to quality food is necessary so that it 
is easier for people to make healthier choices. 
This would improve mothers’ nutrition and 
thereby the health of future generations. 
Clues that chronic disease might result 
from perturbations in growth during early 
life came from an unusual data source. 


Nearly 30 years ago, an exhaustive search of 
every record office in every town and city in 
England and Wales unearthed ledgers in the 
county archive of Hertfordshire containing 
health visitors’ records for thousands of babies 
born between 1911 and 1948. These records 
documented the babies’ weight at birth and 
at one year old, whether they were fed breast 
milk or formula, the age at which they were 
weaned, and significant health events, such as 
bouts of illness, in their early life. 

Tracing many of the individuals named 
in these records revealed that their health in 
adulthood was associated with how they > 
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> had grown in the womb. The Hertfordshire 
data and similar records from other UK towns 
revealed, for instance, that a person weighing 
2.7 kilograms (6 pounds) at birth has a 25% 
higher risk of contracting heart disease in later 
life, and a 30% higher risk of having a stroke, 
compared with someone weighing 4.1 kilo- 
grams (9 pounds) at birth’. 

These findings were soon strengthened by 
data from a cohort of 20,000 people born in 
Helsinki between 1924 and 1944. This study 
showed, for example, that if all the babies at 
birth had had weights within the highest 
third of the total range, the incidence of dia- 
betes in later life would have been halved’. 
In the years since, numerous other studies, 
involving people from places as diverse as 
Europe, India, Guatemala, the Philippines 
and South Africa, have revealed similar 
correlations with effects that extend to the 
health of grandchildren. 


DEVELOPMENT AND DISEASE 

In the past 15 years, researchers have begun 
to understand the biology underlying the 
links between development and chronic 
disease. The evidence suggests that women 
should start eating healthily well before 
they get pregnant. Women who are obese, 
for example, accumulate more metabolites 
(such as insulin, lactate and triglycerides) in 
their ovarian follicles* than do women who 
are not obese. This accumulation can reduce 
their fertility and increase the likelihood that 
their offspring will develop certain diseases, 
such as diabetes, cardiovascular disease or 
cancer, later in life. 

At the moment of conception, the grow- 
ing embryo seems to be exquisitely sensitive 
to its nutritional environment. Studies of 
babies born through in vitro fertilization, for 
instance, have shown that birth weights can 
be affected simply by changing the constitu- 
ents of the medium in which the embryos 
are cultured. 

After conception, if resources are in short 
supply, investment in low-priority organs, 
such as the kidneys and lungs, which do 
not function in the womb, may be traded 
off to protect more important ones such as 
the brain. Studies in rats and piglets, as well 
as research using ultrasound to track the 
growth of organs in human fetuses, show 
that adverse conditions in the womb are 
associated with smaller kidneys with fewer 
nephrons, which regulate the concentration 
of water and soluble substances in the blood. 
Fewer nephrons means more wear and tear 
to existing nephrons, more nephron loss and 
an increase in blood pressure with age. 

A mother’s stored nutrients and the turn- 
over of protein and fat in her tissues — a 
reflection of her lifetime nutrition — seem 
to be particularly important in later fetal life. 
Studies of mice, rats and pregnant women 
have shown that mothers with a greater 
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The effects of healthy eating before and during pregnancy are far-reaching. 


muscle-to-fat ratio and larger organs have 
a higher rate of protein turnover. This ena- 
bles them to make amino acids more readily 
available to their fetuses, especially during 
the later weeks of pregnancy, when nutri- 
tional demands are greatest. 

Differences in the size and shape of the 
placenta may also reflect a mother’s nutri- 
tional status and serve as biomarkers of a 
fetus’s early experience. These observations 
come mainly from work on animals, but 
also from cohort studies relating measure- 
ments of mothers’ placentas at the time of 
birth to their diets and the birth weights of 
their babies. Individuals, who as fetuses were 
nourished by placentas that are long for their 
breadth, for example, are up to twice as likely 
to develop colorectal cancer and, if a first 
child, up to three times as likely to develop 
coronary heart disease compared with those 
who had been nourished by placentas of 
average size and shape’. 

And although babies deprived in utero 
but then born into conditions of plenty often 
‘catch up’ in body weight in their first year of 
life, such compensatory growth has costs. 
In fish and birds, offspring who start small 
and grow fast have fewer offspring, are more 
susceptible to infections and disease, and 
live shorter lives than offspring that start life 
larger. The Helsinki data similarly indicate 
that boys who catch up between birth and 
age seven do not live as long as those whose 
growth follows a more standard trajectory. 


ACHIEVING CHANGE 

Today, millions of fetuses are receiving 
inadequate nutrition because their moth- 
ers are starving, malnourished or over- 
weight. To understand the factors driving 
poor nutrition, we have been running focus 
groups and surveys with mothers for the 
past decade — first, in Southampton, UK, 
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beginning in 2004, and then in Klamath 
Falls, Oregon, starting in 2007. 

By asking questions to try to understand 
what healthy eating means to mothers, and 
how they would ideally like to feed their chil- 
dren, we have established that young women 
know that they and their children should eat 
a balanced and varied diet’. But other chal- 
lenges, such as having to balance the cost 
of food with the potential for waste, leave 
mothers feeling out of control and with little 
motivation for the battle involved in creating 
good eating habits in their families. 

Under these circumstances, the public- 
health approach currently used across 
industrialized nations, of providing women 
with information about healthy eating, 
seems unlikely to be effective. Our work 
and that of others strongly suggests that a 
better strategy would be to support women 
to identify the barriers they face and, where 
possible, to empower them to generate their 
own solutions. 

Ten years ago, a team of local and interna- 
tional health-care researchers worked with 
women from villages in Nepal, aiming to 
reduce the high levels of mortality among 
them and their newborn babies*. Women 
were encouraged to join discussion groups 
run by a facilitator who helped them to for- 
mulate simple strategies to improve perinatal 
care that would work in their communities 
— suchas the production and distribution of 
basic, home-birth delivery kits. Over the fol- 
lowing two years, the 8% of the 28,000 village 
women who attended the meetings spread 
the messages to others and, solely because 
of this intervention, infant mortality fell by 
30% and maternal mortality by 80%. 

A similar empowerment mechanism 
underpins the ‘disease-self-management 
programmes that are increasingly being used 
all over the world, often with striking effects’. 


HEIDE BENSER/CORBIS 


In these, people with chronic diseases are 
brought together to support each other to 
better manage their conditions. 

Since 2009, we have been involved in the 
Southampton Initiative for Health, which uses 
an empowering, problem-solving approach to 
improve the diets and physical activity levels 
of Southampton’s most disadvantaged young 
women and their children. The programme 
has involved training the staff of the city’s Sure 
Start Children’s Centres — providers of ser- 
vices such as baby clinics, breastfeeding and 
weaning support, dentistry, parenting and 
cookery classes — in having conversations 
that encourage women to identify problems 
and generate solutions to change behaviour. 

Although the data suggest that attending 
centres staffed by workers using this approach 
enhances women’s sense of empowerment, to 
improve their nutritional status we need both 
to help women to feel more in control of their 
food choices and to make it easier for them to 
make better choices. 

On a small scale, such a multilevel 
approach has proved effective. Trials in Can- 
ada, Australia and the United States demon- 
strate that the diets of small-town residents 
can be improved when efforts to enhance 
people's sense of empowerment in relation 
to healthy eating are pursued alongside local 
media campaigns to promote the benefits of 
eating well, together with programmes that 
help people to gain better access to fruits and 
vegetables and skills in food preparation. 
The challenge is to scale up such efforts to the 
wider public-health arena, because this means 
engaging political and commercial interests, 


including those of powerful food companies. 
We believe that the methods used by 
people working in public health to engage 
politicians and food companies need to 
undergo a similar transformation to those 
being used to engage individuals. So far, 
public-health advo- 


“We need to cates have called for 
help women regulation and legis- 
to feelmore lation as a means to 
in control of improve diets — an 
their food increased tax on fatty 


and sugary foods, for 
instance. Yet this is 
unlikely to happen because raising the tax 
on soft drinks, say, is not in the interests of 
industry, or of politicians, who are sensitive 
to industry pressures and to a public desire 
for cheap soft drinks. 

Instead of wagging fingers, we need to 
generate consensus. Empowering consum- 
ers to call for better access to better food will 
put pressure on politicians to respond to 
voters, and on the food industry to please 
their customers. 

More than 20 years ago, one of us (D.B.) 
wrote” in this journal that “if more was 
known about the processes by which the 
environment in early life influences adult 
health ... the rise in incidence of “Wester 
disease [might be] minimized.” Today, we 
have the knowledge to readily prevent chronic 
diseases, had we but the will to do so. = 


choices.” 


David Barker died on 27 August 2013, 
after writing the first draft of this Comment 
(see Nature 502, 304; 2013). Before 


his death, he was professor of clinical 
epidemiology at the Medical Research 
Council (MRC) Lifecourse Epidemiology 
Unit, University of Southampton, UK; 
professor of cardiovascular medicine at 
the Heart Research Center, Oregon Health 
and Science University in Portland; and 
visiting professor at the Center for the 
Study of Human Health, Emory University, 
Atlanta, Georgia. Mary Barker is 

senior lecturer in psychology at the MRC 
Lifecourse Epidemiology Unit, University 
of Southampton, UK. Tom Fleming is 
professor of developmental biology at the 
Centre for Biological Sciences, University 
of Southampton, UK. Michelle Lampl 

is director of the Center for the Study 

of Human Health and Professor of 
Anthropology at Emory University, 
Atlanta, Georgia. 
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Global gender 
disparities in science 


Cassidy R. Sugimoto and colleagues present a bibliometric analysis 
confirming that gender imbalances persist in research output worldwide. 


espite many good intentions and 
D initiatives, gender inequality is still 
rifein science. Although there are 

more female than male undergraduate and 
graduate students in many countries’, there 
are relatively few female full professors, and 
gender inequalities in hiring’, earnings’, 
funding’, satisfaction’ and patenting’ persist. 
One focus of previous research has been 
the ‘productivity puzzle. Men publish more 
papers, on average, than women’, although 
the gap differs between fields and subfields. 
Women publish significantly fewer papers 


in areas in which research is expensive’, such 
as high-energy physics, possibly as a result of 
policies and procedures relating to funding 
allocations*. Women are less likely to partici- 
pate in collaborations that lead to publication 
and are much less likely to be listed as either 
first or last author on a paper’. There is no 
consensus on the rea- 


sons for these gender NATURE.COM 
differencesin research See Nature's special 
output and collabo- —_ issueonwomen 
ration — whether _ inscience: 

it is down to bias, _ tiature.com/womel 


childbearing and rearing’, or other variables. 

It has been suggested that what women 
lack in research output they make up for in 
citations, particularly in fields with ‘greater 
career risk’® — that is, fields with long lags 
between doctoral education and securing a 
faculty position, such as ecology. But again, 
there is no consensus on the relative impact 
of women’s work compared to men’s. 

The present state of quantitative knowl- 
edge of gender disparities in science has 
been shaped primarily by anecdotal reports 
and studies that are highly localized, > 
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Vermont, Rhode Island, 
Maine, Manitoba, Nova 
Scotia and Quebec top WOOO, 
the North American A 
gender parity charts. yy 


GENDER AND RESEARCH OUTPUT 


The research output of most places is 
dominated by male authors (blue). 
Places where there is greatest gender 
parity in output (white) are often 
formerly communist states. Female 
dominance tends to occur in countries 
(orange) with lower research output. 
(See go.nature.com/8czxmy for an 
interactive version of these data.) 


> monodisciplinary and dated. Further- 
more, these studies take little account of 
the rise in collaborative research and other 
changes in scholarly practices. Effective 
policy cannot be built on such foundations. 

Therefore, we present here a global and 
cross-disciplinary bibliometric analysis of: 
first, the relationship between gender and 
research output (for which our proxy was 
authorship on published papers); second, 
the extent of collaboration (for which our 
proxy was co-authorships); and third, scien- 
tific impact of all articles published between 
2008 and 2012 and indexed in the Thom- 
son Reuters Web of Science databases (for 
which our proxy was citations). We analysed 
5,483,841 research papers and review articles 
with 27,329,915 authorships. We assigned 
gender using data from the US Social Security 
database, among other sources (see Supple- 
mentary Information; go.nature.com/j3otjz). 

We find that in the most productive coun- 
tries, all articles with women in dominant 
author positions receive fewer citations than 
those with men in the same positions. And 
this citation disadvantage is accentuated 
by the fact that women’s publication port- 
folios are more domestic than their male 
colleagues — they profit less from the extra 
citations that international collaborations 
accrue. Given that citations now play a cen- 
tral part in the evaluation of researchers, this 
situation can only worsen gender disparities. 

In our view, the scale of this study provides 


Women dominate science 
{ )| output in Macedonia, Sri 

~ | Lanka, Latvia, Ukraine, and 
Bosnia and Herzegovina. 


Turkmenistan had 
only 52 papers with 
gender assigned 
published in 2008-12. 


Ratio of female to male authorships 


No female 
authorship — | 
Equal 


much-needed empirical evidence of the 
inequality that is still all too pervasive in 
science. It should serve as a call to action for 
the development of higher education and 
science policy. 


BIAS BY NUMBERS 

Men dominate scientific production in 
nearly every country; to what extent varies 
by region (see ‘Gender and research output’). 
We probed the proportion of each gender’s 
output by comparing the proportion of iden- 
tified authorships for each gender on any 
given paper. For example, for a paper with 
eight authorships, of which six were assigned 
a gender, each of the authorships would be 
granted one-sixth of a paper. These gen- 
dered fractions were then aggregated at the 
levels of countries and disciplines. It should 
be stressed that these are authorships, not 
individuals, therefore no author name dis- 
ambiguation was necessary (see Supplemen- 
tary Information). 

Globally, women account for fewer than 
30% of fractionalized authorships, whereas 
men represent slightly more than 70%. 
Women are similarly underrepresented when 
it comes to first authorships. For every article 
with a female first author, there are nearly two 
(1.93) articles first-authored by men. 

South American and Eastern European 
countries demonstrate greater gender parity. 
Eastern Europe may support the idea that 
communist and formerly communist states 
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Higher number of 
a 8 


female authorships 


No data or country had 
fewer than 20 publications 


may have greater gender balance than other 
countries. Only nine countries had female 
dominance in terms of proportion of author- 
ships, and five of these (Macedonia, Sri Lanka, 
Latvia, Ukraine, and Bosnia and Herzego- 
vina) had more than 1,000 articles in our 
analysis. In other words, female authorship 
is more prevalent in countries with lower sci- 
entific output. 

Countries with more than 1,000 papers 
and high degrees of male dominance include, 
unsurprisingly (in order of output): Saudi 
Arabia, Iran, Japan, Jordan, the United Arab 
Emirates, Cameroon, Qatar and Uzbekistan. 
US states with more than 1,000 articles with 
a gender assigned and high male dominance 
include New Mexico, Mississippi and Wyo- 
ming. The US states and Canadian provinces 
that are closest to achieving gender parity 
(and have more than 1,000 articles) include 
Vermont, Rhode Island, Maine, Manitoba, 
Nova Scotia and Quebec. Again, some of 
these states and provinces are among the 
lowest ranking in terms of scientific output. 

Our disciplinary results confirmed pre- 
vious findings and anecdotal knowledge 
about fields associated with ‘care’. Special- 
ties dominated by women include nursing; 
midwifery; speech, language and hearing; 
education; social work and librarianship. 
Male-dominated disciplines include military 
sciences, engineering, robotics, aeronaut- 
ics and astronautics, high-energy physics, 
mathematics, computer science, philosophy 


and economics. Although disciplines from 
the social sciences show a larger proportion 
of female authors, the humanities are still 
heavily dominated by men. 

Next we looked at collaboration. We ana- 
lysed the proportion of papers by gender 
that are the result of national collaboration, 
compared with those that result from inter- 
national collaborations. For the 50 most pro- 
ductive countries in our analysis (accounting 
for 97% of the total publications), female col- 
laborations are more domestically oriented 
than are the collaborations of males from the 
same country. 

And what of impact? We analysed promi- 
nent author positions — sole authorship, 
first-authorship and last-authorship. We 
discovered that when a woman was in any 
of these roles, a paper attracted fewer cita- 
tions than in cases in which a man was in 
one of these roles (see ‘Lead-author gender 
and citation’). The gender disparity holds for 
national and international collaborations. 


AGE-OLD STORY 
There are several limitations to the conclu- 
sions that can be drawn from our findings. 
Foremost among them is that age indisput- 
ably has a role — perhaps even the major role 
— in explaining gender differences in sci- 
entific output, collaboration and impact. As 
is well known, the academic pipeline from 
junior to senior faculty leaks female scien- 
tists, and the senior ranks of science bear the 
imprint of previous generations barriers to 
the progression of women. Thus it is likely 
that many of the trends we observed can be 
explained by the under-representation of 
women among the elders of science. After 
all, seniority, authorship position, collabo- 
ration and citation are all highly interlinked 
variables. 

Another key limitation is that authorship 


LEAD-AUTHOR GENDER AND CITATION 


of papers is only one of many indicators of 
research activity. Our analysis includes only 
journal articles, not books, conference pro- 
ceedings, database construction or code, 
for example. Also problematic is the lack of 
universal norms associated with authorship 
attribution and posi- 


tion. For example, it “Programmes 
is possible thatsome fostering 
women donotappear international 
as authors despite collaboration 
their contribution to for ‘female 
research activities, researchers 
and there are fields might help 

in which authors are fg Jeyel the 
listed alphabetically. playing field.” 


There is also a con- 
cern that gender-assignment techniques 
can introduce errors (see Supplementary 
Information). We have tried to mitigate this 
with validation exercises, but there is always 
room for improvement. 

Future research should drill into questions 
raised by this analysis. What distinguishes 
pockets of anomalously high parity? Are 
there characteristics of the work itself that 
contribute to disparities in output and cita- 
tion? Are there other, perhaps less quanti- 
tative, aspects of scholarship that reveal a 
different story regarding gender balance 
in science? Furthermore, is there anything 
intrinsic to certain disciplines or cultures 
that make them more or less appealing to 
scientists of a particular gender? 


LEVELLING THE PLAYING FIELD 

Those ofa misogynistic bent might read this 
study as confirming their view that women's 
research is weaker than men’s and there is 
less of it. Such a simplistic interpretation 
dismisses the vast implications embedded in 
these data. Our study lends solid quantitative 
support to what is intuitively known: barriers 


Papers with female authors in key positions are cited less than those with male authors in key positions, 
be they papers with one author, or those resulting from national or international collaborations. 
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( 


to women in science remain widespread 
worldwide, despite more than a decade of 
policies aimed at levelling the playing field. 
UNESCO data show” that in 17% of coun- 
tries an equal number of men and women are 
scientists. Yet we found a grimmer picture: 
fewer than 6% of countries represented in 
the Web of Science come close to achieving 
gender parity in terms of papers published. 

For a country to be scientifically competi- 
tive, itneeds to maximize its human intellec- 
tual capital. Our data suggest that, because 
collaboration is one of the main drivers of 
research output and scientific impact, pro- 
grammes fostering international collabora- 
tion for female researchers might help to 
level the playing field. 

That said, if there were a simple solution or 
programme that could improve matters, this 
issue would already be solved. Unfortunately, 
behind this global imbalance lie local and his- 
torical forces that subtly contribute to the sys- 
temic inequalities that hinder women’s access 
to and progress in science. Any realistic pol- 
icy to enhance women’s participation in the 
scientific workforce must take into account 
the variety of social, cultural, economic and 
political contexts in which students learn sci- 
ence and scientific work is performed. Each 
country should carefully identify the micro- 
mechanisms that contribute to reproduc- 
ing the past order. No country can afford to 
neglect the intellectual contributions of half 
its population. m 
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The computer-generated Gollum (left, seen in 2012’s The Hobbit: An Unexpected Journey) is based on performances by actor Andy Serkis. 


COMPUTER ANIMATION 


Digital heroes and 
computer-generated worlds 


Joe Letteri, Oscar-winning co-creator of Gollum onscreen, looks at the evolution of 
computer animation as the next instalment of The Hobbit trilogy reaches cinemas. 


rom the beginning, computer 
f animation has had the ability to engage 

viewers by giving artists a way to mix 
reality with fantasy. Early film examples 
such as the stained-glass knight in Barry 
Levinson’s 1985 Young Sherlock Holmes and 
the ‘water tentacle’ in James Cameron’s 1989 
The Abyss offered a glimpse of the potential 
of this new art form to create memorable 
characters. That became immediately appar- 
ent in Cameron’s later Terminator 2 (1991). 
He took an already great idea for a character 
(a terminator robot) and turned it in a new 
and unexpected direction: the shape-shifting 
T-1000 liquid-metal terminator. 

Computer animation is a natural exten- 
sion of hand-drawn methods developed 
during the early-twentieth-century golden 
age of ‘cel’ animation ushered in by Walt 
Disney, in which a series of images is played 
back at speed to give the illusion of life. Just 


as we do today, animators used a variety of 
reference techniques to capture the essence 
of organic movement. Snow White’s dance 
with the dwarves in Disney’s 1937 film was 
created by matching the movements of a live, 
filmed dancer, using a technique called roto- 
scoping — in the most basic terms, tracing 
the motion from a film one frame at a time. 
This technique, although now slightly more 
sophisticated in its application, is still in use. 
Take dinosaurs, for example. I was for- 
tunate to begin my career at the US visual- 
effects company Industrial Light & Magic, 
then in Marin County, California, as it was 
gearing up to create the computer-generated 
dinosaurs for Steven Spielberg's 1993 Jurassic 
Park. Naturally, we all 
thought that roto- 
scoping dinosaurs 
would bea great idea, 
but unfortunately that 


For avideo onthe 
making of Gollum: 
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was out of the question. Instead, we stud- 
ied elephants to understand weight, and 
lizards, other reptiles and birds to get some 
ideas about how dinosaurs of different sizes 
might have moved. Digital animators did 
motion studies, copying the movement of 
these animals frame by frame until they 
could synthesize a convincing idea of dino- 
saur movement. 

Two years later, computer animation took 
another big step forward with the astound- 
ing success of Pixar’s Toy Story. Software was 
becoming sophisticated enough to tackle 
the creation ofa character’s performance. In 
traditional animation, a lead animator sets 
key frames or poses for a character and jun- 
ior animators draw the ‘in-betweens’ from 
pose to pose. Now, artists could use the 
computer to do that. Pixar proved that three- 
dimensional computer animation could be 
used to create an entire film. 


NEW LINE PRODUCTIONS 


TWENTIETH CENTURY FOX/THE KOBAL COLLECTION 


In 2001, Ijoined Wellington-based 
visual-effects company Weta Digital to work 
with Peter Jackson on The Lord of the Rings 
trilogy, inspired in large part by the chance 
to create the character Gollum. Gollum was 
a special challenge, because the more realis- 
tically human a character is, the more com- 
plex the animation gets. People are attuned 
to recognizing all aspects of human motion 
and behaviour, no matter how subtle. And 
because the characters we create are three- 
dimensional, we have to understand how to 
pose them frame by frame to achieve realis- 
tic performances. 

With Gollum, we used the then relatively 
new technique of performance capture — 
effectively, an extension of rotoscoping. But 
instead of looking at an actor from a single 
point of view and matching the form of 
the motion, we looked at his performance 
using dozens of cameras simultaneously and 


matched the motion’s underlying dynamics. 

Andy Serkis, who performed Gollum, 
wore a special suit with reflective markers 
to show the key positions of his joints. From 
the multiple cameras, we could calculate 
his skeleton’s position at every frame as he 
performed. Those positions were then trans- 
ferred to Gollum’s digital skeleton, which 
allowed us to make the character move the 
way Andy did. Traditional key-frame ani- 
mation techniques still apply, however. For 
example, the first time we see Gollum in The 
Lord of the Rings: The Two Towers (2002), he 
is climbing down a vertical rock face, some- 
thing no human can do. So that motion is 
based on animators observing what a human 
can do and using their imaginations to create 
a believable performance. And, in a direct 
throwback to rotoscoping, we created his 
facial performance and dialogue-related 
movements by hand, frame by frame, from 
Andy’s filmed performance. 

The problem with trying to capture facial 
motion is that there are no joints, apart 
from the jaw, that have movements you 
can track. So for Jackson's 2005 King Kong, 
Weta came up with a different technique. 
Again with Serkis, we glued small reflective 
markers all over his face. By using these to 
track the changes in skin position and 

tension as Andy performed, we could 
compute what his muscles were doing 


The Na’vi in Avatar (2009) lived in an 
entirely digitally created world. 
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underneath. Then we built Kong so that he 
had the same facial-muscle layout as Andy, 
and used Andy’s muscle movements to drive 
Kong’s facial performance. 

This breakthrough meant that we could 
now capture an actor’s performance in its 
entirety. This became important for Weta’s 
next film, James Cameron's Avatar (2009), 
for which we made one important modifica- 
tion. Each actor wore a helmet that filmed 
their facial movements; we then extracted 
the performance data from each frame and 
used a ‘facial action coding syste’ solver to 
translate the movements into muscle activa- 
tions. The knowledge of which muscles are 
activated in a facial expression informed our 
activation of the corresponding muscles in 
the digital characters. In addition, this pro- 
cess allowed the director to see the actors 
live through a virtual camera as they were 
instantly transformed into their Navi char- 
acters moving through the world of Pandora. 

Digital characters also have to appear real- 
istic in their surroundings, whether that is a 
photographed environment or a complete 
digital creation such as the jungles of Pan- 
dora. So we looked to understand how light 
and materials interact in nature. One of the 
best examples of this interaction is subsurface 
scattering. We first developed a technique to 
replicate this mechanism of light transport 
to create the translucency of Gollum’s skin, 
leveraging pioneering research by computer- 
graphics specialist Henrik Wann Jensen and 
his colleagues at Stanford University in Cali- 
fornia (see go.nature.com/lyzuh2). The 
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thick skin of a dinosaur can be simu- 
lated by bouncing light off the exterior. 
But human skin is softer and more trans- 
lucent, so light enters and bounces around 
dozens of times before exiting. These 
properties, which are easily observed by 
putting your hand in front of a bright 
light, are crucial to a realistic portrayal. 

Realistic animation also depends on 
knowledge of how skin, muscles and 
hair move independently of a charac- 

ter’s performance. 
These second- 
ary motions are 
achieved through 
intensive simula- 
tions that compute 
all of the mass, 
dynamics, ten- 
sions and interac- 
tion of each part 
of the body as a 
character moves. 
The simulations help to create the com- 
plex visual cues that the human brain 
processes when taking in an image. They 
also ensure that the physiology of crea- 
tures (real or fantastical) has a ground 
truth and is believable. Combining this 
new level of detail with motion-captured 
performances of talented actors has ena- 
bled computer-animated characters to 
become lead actors. 

Rupert Wyatt's 2011 Rise of the Planet 
of the Apes featured a chimpanzee named 
Caesar who was not just the protagonist; 
he was the emotional centre of the film. 
This entirely digital character is a great 
example of how the advances in animation 
work together, from muscle simulation, 
fur and realistic lighting, to motion-cap- 
tured body and facial performance. 

The following year saw all of these 
developments come full circle when we 
were able to once again present Gollum in 
Peter Jackson’s The Hobbit: An Unexpected 
Journey. This new Gollum benefited from 
a much more detailed digital model, new 
subsurface scattering techniques and all of 
the advances we have made in the past ten 
years. If you watch closely, you will see the 
muscles moving under his skin and the 
light refracting in his eyes. And you will 
get a glimpse of the worlds we can create 
from the mix of all this art and science. m 


Joe Letteri is senior visual effects 
supervisor at Weta Digital in Wellington, 
New Zealand. He has received four 
Academy Awards for Visual Effects and the 
Academy’s Technical Achievement Award 
for co-developing the subsurface-scattering 
technique that brought Gollum to life. His 
latest film is The Hobbit: The Desolation 
of Smaug, on general release this week. 
e-mail: digital@wetafx.co.nz 
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John Milne (left) with his wife Tone, seismologist Boris Galitzin and a lamp-post seismometer in 1910. 


The maverick founder of 
modern seismology 


George Helffrich relishes a film on John Milne, whose 
work in Japan put earthquake science on the map. 


hat European other than Marco 
Polo, on taking up a job in the 
Far East, would travel overland? 


John Milne. No posh Brit he: the Victorian 
geologist reached Japan mainly by train, 
foot and pack animal, ostensibly to avoid 
seasickness. As I write this, flying to Japan 
across eastern Siberia, Iam amazed. I detect 
a whiff of the iconoclast. 

Milne’s motivation for that epic journey 
was an invitation from Japanese officials of 
the Meiji era (1868-1912) to establish an 
Imperial College of Engineering in Tokyo, 
and to transfer Western knowledge to Japan. 
After arriving in 1875 to teach geology and 
mining, he became aware of the frequency 
of earthquakes and their damaging effects. 
Building designs transplanted from the West 
performed particularly poorly. By 1878, 
Milne determined that to study earthquake 
damage properly, he needed to quantify 
seismicity — or the frequency and strength 
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of earthquakes — The Man Who 
instrumentally. His Mapped the 
goal became to builda Shaking Earth 
standard seismometer 2° CTOR: WILLIAM 


andestablishaseismic 5973, 
network across Japan. 

That plan was the inception of modern 
global seismology. 

To mark this year’s centenary of Milne’s 
death, his great-nephew William Twycross 
made a documentary, The Man Who 
Mapped the Shaking Earth. Shown in July 
at the assembly of the International Union 
of Geodesy and Geophysics in Gothenburg, 
Sweden, the film immerses us in Milne’s 
life in science, including his photographs 
and sketches. Often shooting on location, 
Twycross and his film crew trace Milne’s 
travels in Iceland, the Canadian island of 
Newfoundland, Britain, Russia and the 
United States, as well as to and in Japan. 
Twycross imposes a fine narrative continuity 


CARISBROOKE CASTLE MUSEUM 


BOOKS & ARTS | COMMENT | 


despite the logistical complexities. a a 
Milne’s astonishing saga began at King’s a 0 0 ks | | bh rl ef 

College London, where he studied science. 

His published account of a study trip to Ice- 

land in 1871, when he was 21, showed him — The Frackers: The Outrageous Inside Story of the New 

to be acompetent diarist and illustrator, and 


iteony Twevieyvs Billionaire Wildcatters 
won him a scholarship to the Royal School 


Gregory Zuckerman PORTFOLIO (2013) 
of Mines (now part of Imperial College Investigative journalist Gregory Zuckerman maps the landscape 
London). He suspended his studies there to 


of the new US oil boom, currently producing 7.5 million barrels 
complete a commercial geological survey of of crude a day. Focusing on the widespread technique of fracking 
Newfoundland, where he incidentally stud- — hydraulic fracturing of deep shale deposits for oil and gas — 
ied the recently extinct great auk. Ona Royal Zuckerman plaits portraits of the ‘wildcatters’ who champion the 
Geographical Society expedition to Egypt's 


practice into a pacy chronicle of the boom. His take on the issues is 
Sinai peninsula in 1874, he marshalled his balanced, but this is not the place to find a lengthy analysis of the 


new skills in geology and illustration to create potential impacts of fracking on environmental systems. 
geographical cross-sections of the region — 
work that paved the way for his post in Japan. 

Once there, he published his trans-Asian 
travelogue in the Transactions of the Asiatic 
Society of Japan, and climbed, studied, 
sketched and even discovered some volca- 
noes, one of which is now named Milne. He 
made archaeological and anthropological 
studies of the indigenous Ainu culture and 
people of the northern Japanese islands, and 


From Dust to Life: The Origin and Evolution of Our Solar System 
John Chambers and Jacqueline Mitton PRINCETON UNIVERSITY PRESS 
(2013) 

This research round-up of how our “cosmic neighbourhood” 
evolved is a stellar read. Planetary scientist John Chambers and 
science writer Jacqueline Mitton shuttle the reader through the big 
discoveries — from heliocentricity to findings in the past 50 years, 
as missions, telescopes and light detectors probe deeper. Lingering 
met his wife-to-be, Tone Horikawa. After mysteries such as early planet formation are laid out, along with 
the Tokyo- Yokohama earthquake of 1880, details on current missions such as New Horizons, headed for the 
he established the Seismological Society of Kuiper belt of asteroids and set to encounter Pluto in July 2015. 
Japan and its journal — both world firsts. 
The Royal Society of London elected him a 
fellow in 1887. 

In 1895, Milne left Japan with Tone for the 
Isle of Wight, off the south coast of Britain, 
building a seismological observatory there 
and working towards the standardization 
of instruments such as the horizontal pen- 
dulum seismograph to record earthquakes 
worldwide. The captaincy of the island’s 


Ship of Death: A Voyage That Changed the Atlantic World 

Billy G. Smith YALE UNIVERSITY PRESS (2013) 

One of the strangest tales in the annals of medicine must be the 
voyage of the Hankey. Historian Billy G. Smith has resurrected the 
long-buried history of the British abolitionists who set off in the ship 
to found a slavery-free West African colony in the late eighteenth 
century. They failed — then inadvertently wreaked viral havoc as 

the Hankey left Africa riddled with mosquitoes carrying yellow fever. 
Newport Golf Club and membership of the Stopping at various Atlantic ports, the ship contributed to a pandemic 
local photography and chess clubs occupied that killed tens of thousands. Packed with fascinating nuggets — such 
his idle moments. By 1903 he had set up the as the part played by that deadly cargo in the liberation of Haiti. 
world’s first global seismic network, with 
40 stations encompassing every continent 


reporting to his observatory, Shide Hill = Renewable: The World-Changing Power of Alternative Energy 
House. He also published the periodic Shide _ Jeremy Shere ST MARTIN’S PRESS (2013) 

Circular Reports on Earthquakes from 1900 Renewable energy is a tortuous, fast-moving field, and in this 

to 1912, a precursor to the seismological cat- contribution to the shelves of books on it, science journalist Jeremy 
alogues accumulated by national agencies Shere offers a welcome pragmatism. Organizing his survey by 
around the world. His obituary (see Nature power source, from plants to water, he examines state-of-the-art 


91, 587-588; 1913) hints at some resistance 
to coordinating his network with the Inter- 
national Seismological Association — not 
surprising, given his personal achievement. 
The Man Who Mapped the Shaking Earth 
paints an unembellished portrait of a dedi- 
cated visionary. Milne wove the threads of 
seismic instrumentation and observation 
into a tool to develop fundamental knowl- 
edge of how Earth works. What could be 
more compelling or inspiring to a student of 
seismology or the history of science? m 


technologies and their surprising histories. We visit researchers who 
probe cellulosic energy crops, algal oil, nanotechnology-enhanced 
solar cells and much more. Ata time when countries including the 
United States and China are investing heavily in renewables, Shere 
notes that combining alternative-energy choices strategically is key. 


Learning from Leonardo: Decoding the Notebooks of a Genius 
Fritiof Capra BERRETT-KOEHLER PUBLISHERS (2013) 

Was Leonardo da Vinci essentially a systems theorist? So 

argues physicist Fritjof Capra. His compelling exploration of 
Leonardo’s breakthroughs in areas such as fluid dynamics 

reveals an intellectually fearless mind constantly seeking patterns, 
relationships and context. Leonardo could have changed the course 
of science through discoveries such as how the heart functions; but 
he never published, and the credit went to others. Barbara Kiser 
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Faster than kKiss-and-run 


An ultrafast mode of vesicle endocytosis — a crucial process occurring at neural junctions that underpins brain function — has 
been uncovered. Long-standing models of endocytosis will therefore need to be re-evaluated. SEE ARTICLE P.242 


SOYOUN CHO & 
HENRIQUE VON GERSDORFF 


he rapid propagation 

and exchange of signals 

between the neurons in 
our brains conveys informa- 
tion about sensory stimuli and 
underpins our thoughts, dreams 
and memories. This signalling 
requires the constant formation, 
absorption and recycling of vesi- 
cles that secrete neurotransmit- 
ter molecules at the junctions 
between neurons (synapses). On 
page 242 of this issue, Watanabe 
et al.' report that an ingenious 
combination of techniques has 
allowed them to identify a pre- 
viously unknown form of endo- 
cytosis — the fundamentally 
important process by which the 
vesicular membranes are recy- 
cled. The results are exciting, 
compelling and totally unex- 
pected. Furthermore, the authors’ 
technical innovations promise to 
reveal the inner workings of vesi- 
cle recycling at unprecedented 
temporal resolution. 

Synapses are the primary sites 
for the rapid, point-to-point com- 
munication that occurs between 
interconnected neurons. Most 
synapses in the mammalian brain 
consist of small, presynaptic nerve 
terminals (less than one micro- 
metre in diameter) that contact 
the membranes of postsynaptic 
neurons. These ‘bouton-type’ ter- 
minals contain approximately 200 synaptic ves- 
icles (30-40 nanometres across), each packed 
with about 2,000 neurotransmitter molecules. 

About five to ten vesicles dock at a special- 
ized membrane area called the active zone 
(Fig. 1). It is thought that one to three of 
those docked vesicles are primed to release 
neurotransmitters by a process called exo- 
cytosis. The arrival of a nerve impulse (an 
action potential) at the presynaptic terminal 
depolarizes the cell membrane. This causes 
voltage-gated calcium channels to open, and 
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Figure 1 | Ultrafast endocytosis. Watanabe et al.' expressed light-activated 
channels in the cell membranes of nerve terminals in vitro. The channels 
respond to a 10-millisecond flash of blue light by allowing an influx of sodium 
ions. This depolarizes the cell membrane, triggering action potentials at the 

end of the light flash that open calcium channels in the active zone of the nerve 
terminal. The resulting influx of calcium ions causes docked synaptic vesicles 

to fuse with the cell membrane at the active zone of the terminal, releasing 
neurotransmitters onto the membrane of the postsynaptic neuron. This chain 
of events occurs within 1-2 ms. The authors observed that an ultrafast mode of 
endocytosis occurs within 50-100 ms after the onset of the light flash, in which 
large vesicles are generated from the cell membrane. The process required actin 
and dynamin proteins. It is not known how small synaptic vesicles are re-formed 
from these larger vesicles. 


the subsequent influx of calcium ions trig- 
gers the fusion of docked synaptic vesicles 
with the membrane. The vesicles then release 
their cargo of neurotransmitters onto the 
membrane of the postsynaptic neuron. In 
this way, signals are passed between neurons. 
Endocytosis is required to recycle fused 
vesicular membranes, restore the terminal's 
original surface area and prevent depletion 
of vesicle pools. Fast and slow modes of 
endocytosis coexist at several different types 
of nerve terminal, and the kinetics of the 
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process seems to depend on how 
much exocytosis has previously 
occurred. The slow mode tends 
to dominate after mild to strong 
stimulation and takes, on aver- 
age, 10-20 seconds. This mode is 
thought to occur after complete 
collapse of the vesicle membrane 
into the terminal’s membrane and 
to require several proteins, such as 
clathrin and dynamin, to recycle 
the membrane at sites outside the 
active zone’. 

By contrast, the fast mode of 
endocytosis prevails after weak 
to mild stimulation and takes, 
on average, only 0.3-1 seconds. 
The mechanisms that mediate 
this mode are not well under- 
stood, but it has been observed 
in both small and large nerve ter- 
minals*°, and seems to be most 
prominent and robust in mature 
nerve terminals”*. One proposed 
mechanism suggests that vesi- 
cles release neurotransmitters 
through a transiently opened 
fusion pore; the vesicle then re- 
forms in less than 1 second as 
the pore closes, and detaches 
from the membrane™*. There- 
fore, the vesicle membrane does 
not collapse into the terminal's 
membrane. This mechanism has 
rather whimsically been called 
kiss-and-run. 

A third mode of endocytosis 
predominates during prolonged, 
strong stimulation that leads to 
the fusion of several vesicles and 
occurs about 1-2 seconds after the onset of 
stimulation. In this bulk mode of endocytosis, 
a large membrane invagination is incorporated 
into the terminal from the cell membrane, 
from which several clathrin-coated vesicles 
can bud off’. 

In contrast to endocytosis, exocytosis is 
extremely fast: docked synaptic vesicles are 
thought to open their fusion pores and fully 
collapse within 5-20 milliseconds of calcium- 
channel opening. So it has been extremely hard 
to capture images of omega figures — synaptic 


vesicles with open fusion pores before full 
collapse — using conventional electron 
microscopy (EM). However, Watanabe and 
colleagues’ experimental approach allowed 
them to capture hundreds of images of EM 
omega figures. 

The authors cultured mouse hippocampal 
neurons and then expressed a light-activated 
channel protein in their membranes by infect- 
ing them with non-toxic viruses that contained 
the channel’s DNA. When irradiated with a 
10-millisecond flash of blue light, these pro- 
teins allow sodium ions to enter the neurons 
(Fig. 1). This influx depolarizes nerve termi- 
nals and, at the end of the light flash, triggers 
one or two action potentials, which open volt- 
age-gated calcium channels at active zones. 
The resulting influx of calcium ions then 
triggers the fusion of docked synaptic vesicles 
with the plasma membrane and the release of 
neurotransmitters. 

Because this chain of events occurs within 
a few milliseconds, Watanabe and co-workers 
engineered a device that cooled the nerve 
terminals from about 34°C to roughly 0°C 
as early as 10 ms after the initiation of vesicle 
fusion. This rapid freezing process allowed 
the researchers to capture EM images that 
directly confirm the long-standing hypoth- 
esis that a subset of primed and docked vesicles 
fuse preferentially at active zones rather than 
outside them. Furthermore, the authors 
observed that vesicle-depleted active zones 
are repopulated with a full complement of 
docked vesicles within roughly 4-10 seconds. 
This coincides with the average time course 
for recovery from synaptic depression (the 
activity-dependent, temporary inability of a 
neuron to secrete neurotransmitters), which 
suggests that the depletion of a primed subset 
of docked vesicles is one major mechanism for 
short-term synaptic depression. 

Watanabe and colleagues went on to capture 
morphological changes in the nerve termi- 
nal’s cell membrane at several time points 
after light-evoked stimulation of the termi- 
nal. They observed that, after exocytosis, the 
vesicular membrane fully collapses and flat- 
tens onto the plasma membrane. About 50 ms 
after the light flash, the first signs of membrane 
invagination (the beginnings of endocytosis) 
occur at locations outside the active zone. 
As early as 50-100 ms after the onset of the 
light flash, the authors observed large invagi- 
nations that seemed to form unusually large 
vesicles (Fig. 1). These vesicles have a four- 
fold greater surface area than normal synap- 
tic vesicles and do not seem to have standard 
clathrin coats. Therefore, this ultrafast mode 
of endocytosis is mediated by an unidenti- 
fied set of molecules, but is clearly distinct 
from kiss-and-run because it occurs outside 
the active zone. 

What is the signal that leads to the rapid 
formation of these large vesicles? One pos- 
sibility is the sudden reduction in membrane 


tension that occurs after the full fusion and col- 
lapse of docked vesicles. This reduction could 
lead to the rapid invagination of previously 
fused synaptic-vesicle membranes. Indeed, 
fast endocytosis is blocked by an increase in 
neuronal hydrostatic pressure and membrane 
tension at some nerve terminals’. 

Watanabe and colleagues’ results constitute 
a major technical advance over earlier work 
because they reveal clear EM omega figures 
after only one or two action potentials. EM 
omega figures could previously be captured 
routinely only under non-physiological con- 
ditions in which synapses were treated with 
drugs to prolong action-potential duration 
and then stimulated. Nevertheless, earlier 
pioneering experiments” using the rapid- 
freezing technique were the first to prove that 
neurotransmitter release occurs through the 
exocytosis of synaptic vesicles. The combina- 
tion of optical stimulation with rapid-freezing 
EM now promises to reveal the details of the 
first few hundred milliseconds after exocy- 
tosis at small bouton-type nerve terminals in 
the mammalian central nervous system. As we 
zoom in on the intricate nanomachinery that 
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couples exocytosis to endocytosis with ever- 
higher temporal resolution, we are reminded 
that a pristine picture is often worth more than 
a thousand words. = 
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Inner edge of the 
habitable zone 


A three-dimensional climate model indicates that the fraction of Sun-like stars 
that might harbour a rocky planet within their habitable zone could be smaller 
than previously estimated. SEE LETTER P.268 


JAMES F. KASTING & CHESTER E. HARMAN 


he successful, if perhaps somewhat 

premature, conclusion of NASA’s Kepler 

mission has spawned renewed interest 
in potentially habitable planets. According 
to recent research’, some 22% of Sun-like 
stars might host a rocky planet within their 
habitable zone — the region within which 
liquid water can exist on the planet’s surface. 
With roughly 100 billion stars in the Galaxy, 
this implies that there could be as many as 
22 billion other Earth-like planets. But this 
estimate depends crucially on how the zone’s 
boundaries are defined. The habitable zone has 
recently been redefined’ as extending from 0.5 
to 2 astronomical units around a Sun-like star, 
where 1 au is the mean Earth-Sun distance. 
This is a curious choice, because the com- 
pletely desiccated planet Venus orbits at 
0.72 au, suggesting that the habitable-zone 
inner edge is somewhere beyond that dis- 
tance. On page 268 of this issue, Leconte et al? 
show that the inner edge probably lies closer to 


0.95 Au, where the solar flux is about 1.1 times 
that at Earth’s orbit (Box 1). 

If Leconte and colleagues’ result is cor- 
rect, and if planets are spaced as they are in 
our Solar System, then the previous estimate! 
for the fraction of Sun-like stars that might 
have a rocky planet within their habitable 
zone — which astronomers term fga,n (eta- 
sub-Earth’) — could be too high by a fac- 
tor of almost 2. This difference is important 
because a smaller value for 7;,,:, implies that 
a future space telescope designed to observe 
and characterize such planets must be 
correspondingly larger. 

Ironically, the new estimate of 0.95 au is 
essentially the same as two older estimates** 
for the inner edge of the habitable zone. 
Twenty years ago, researchers calculated” 
that this orbital distance was where a moist- 
greenhouse atmosphere would occur. This is 
an atmosphere in which liquid water remains 
present at the planet’s surface, but the strato- 
sphere, which lies just above the lowest por- 
tion of the atmosphere, is also wet. This allows 
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BOX1 


Habitable zones for stars of various surface temperatures 


The horizontal axis represents the stellar 
flux at a planet’s orbit relative to the flux 

at Earth’s orbit (effective stellar flux). The 
coloured curves show different estimates for 
the inner and outer edges of the habitable 
zone’. Three estimates are given for the inner 
edge: the ‘moist-greenhouse’ limit is where 
a planet’s stratosphere becomes wet, so 
that water is lost by photodissociation and 
hydrogen escape; the ‘runaway-greenhouse’ 
limit is where all surface water evaporates; 
and the ‘recent-Venus’ limit is based on the 
observation that Venus seems to have lost 
its water by 1 billion years (Gyr) ago, when 
the Sun was 8% less bright than today*®. 
Two estimates are shown for the outer edge: 
the ‘maximum-greenhouse’ limit is the 
theoretical limit for a CO,-H,0 atmosphere, 
based on 1D model calculations; the ‘early- 
Mars’ limit is based on the observation that 
Mars could have been habitable 3.8 Gyr ago, 
when the Sun was 25% less bright®®. These 
curves move towards lower stellar flux at 
lower stellar surface temperatures, because 
such stars emit much of their radiation at 
long wavelengths, causing their planets’ 
albedos to be lower. The white dashed curve 
corresponds to the orbital distance within 


water vapour to be photodissociated by solar 
ultraviolet radiation, with the resulting hydro- 
gen escaping efficiently to space. Long before 
that, it had been estimated’ that a runaway- 
greenhouse atmosphere — one in which all 
water is present in the atmosphere as steam 
— would occur at that same orbital distance. 
Both phenomena would make life impossible 
on the planet’s surface, either immediately 
(for the runaway greenhouse) or at some 
time in the future (for the moist greenhouse). 
These two earlier studies were based on one- 
dimensional (1D), globally averaged climate 
models. By contrast, Leconte et al. use a 3D 
climate model, which enables them to account 
for phenomena such as clouds and relative 
humidity variations that are typically neglected 
in 1D models. 

That Leconte and colleagues’ inner-edge 
estimate agrees with the two older values 
is fortuitous, because several factors have 
changed during this time. Most importantly, 
the efficiency with which water vapour absorbs 
visible radiation (sunlight) is now thought to 
be higher than previously assumed”*. This 
lowers a water-rich planet's albedo, or reflec- 
tance, causing the distance at which a moist 
greenhouse occurs in 1D models to move out 
to 0.99 au, perilously close to Earth's orbit®. 
But the more sophisticated’ of the two earlier 


Runaway 
greenhouse greenhouse 


Recent Venus 


Moist Maximum Early 


greenhouse Mars 


Leconte et al. 


> 
aS 
= 
© 
2 
5} 
eS 
6 
g 
® 
Q 
= 
o 
(2 


1h 25) ul 


Effective stellar flux 


which an Earth-like planet with an initial 
rotational period of 13.5 hours would become 
tidally locked within 4.5 Gyr (ref. 9). Planets 
older than 4.5 Gyr and lying below this curve 
might end up in synchronous rotation, as 

the Moon is with Earth. The reddish planet 
just inside Earth’s orbit shows the position 

of the habitable-zone inner edge as calculated 
by Leconte et ai.” using their 3D climate 


1D models assumes that the lowest portion of 
the atmosphere, the troposphere, is fully satu- 
rated, whereas the 3D model does not, and so 
the inner edge in the 3D model is pushed back 
towards the Sun. 

Somewhat surprisingly, clouds in the 
3D modelare predicted to destabilize Earth’s 
climate, because high cirrus clouds (which 
warm the surface) increase in number and size 
faster at high surface temperatures than do low 
stratus clouds (which cool it). The same type 
of positive cloud feedback is observed in many 
studies of doubled carbon dioxide levels on 
modern Earth’; however, previous workers (see, 
for example, ref. 3) have consistently assumed 
that cloud feedback would be negative in dense, 
water-rich atmospheres. 

The cloud-feedback story has further twists. 
Earlier this year, Yang et al.* used a different 3D 
climate model to calculate where the habitable- 
zone inner edge lies for synchronously rotat- 
ing (tidally locked) planets around M- and late 
K-type stars, which have lower temperatures 
than the Sun. (Tidal locking refers to the slow- 
ing of a planet’s rotation rate by tides raised 
by its parent star.) This study* found that the 
sunlit sides of such planets were perpetually 
cloudy and that the clouds reduced the surface 
temperature by increasing the planet’s albedo. 
If so, then the cloud feedback for such planets 
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model. The two half-illuminated planets 
towards the lower left show the position 

of the inner edge for two synchronously 
rotating planets simulated by Yang et al.® 
earlier this year using a different 3D model. 
Planets orbiting such dim red stars could 
conceivably remain habitable even if 

they absorb more stellar radiation than 
Venus. JFK. & C.E.H. 


is negative, not positive. But the atmospheric 
circulation patterns on slowly rotating, tidally 
locked planets are quite different from those 
on rapidly rotating planets such as Earth, and 
so it may be that clouds simply behave differ- 
ently in this situation. 

One further prediction of Leconte and 
colleagues’ model should be noted. At warm 
surface temperatures, 330 kelvin or above, 
the model's predicted temperature at a plan- 
et’s tropopause is quite low, about 120 K (the 
tropopause is the upper boundary of the 
troposphere). The tropopause in this model 
is located roughly 80 kilometres above the 
surface for the warmest atmosphere consid- 
ered (see Fig. 3 of the paper). A temperature 
of 120K is cold enough to condense out most 
of the water vapour, allowing the atmos- 
pheric ‘cold trap’ to remain in operation. The 
cold trap on modern Earth, which limits the 
amount of water vapour that makes it into the 
stratosphere, is located at an altitude of roughly 
10-15 km. 

By contrast, the earlier 1D model of ref. 3 
assumed a fixed temperature for the tropo- 
pause of 200 K, regardless of the planet’s sur- 
face temperature, making the cold trap much 
less effective. A temperature of 200 K is close 
to that near the top of a grey atmosphere (an 
atmosphere that absorbs infrared radiation 
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equally efficiently at all wavelengths), and 
so this assumption seemed reasonable at the 
time. However, Leconte et al. argue that this 
constraint does not apply when the ability of 
the atmosphere to absorb infrared radiation 
varies with wavelength, as it does in reality. 
Consequently, their model does not find a 
moist-greenhouse limit to the habitable zone, 
only the runaway-greenhouse limit. Further 
calculations may be needed to determine 
whether this result is robust. = 
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Mechanics in 


the embryo 


Mechanical stresses that are intrinsic to the early shape-forming movements 
of embryonic tissues have now been shown to play essential and evolutionarily 
conserved parts in cell-fate specification. 


STEFANO PICCOLO 


here is a time in animal development 

when the embryo, until then a single 

layer of identical cells, starts to fold 
on itself. This remarkable process, called 
gastrulation, produces three germ layers: the 
mesoderm, ectoderm and endoderm’. This 
embryonic structure was already present in 
Urbilateria’, the most recent common ances- 
tor of most animals, which lived in the Pre- 
cambrian seas more than 600 million years 
ago. Surprisingly, however, the cellular and 
molecular events associated with gastrula- 
tion are not evolutionarily conserved among 
extant animal phyla’. How can this universal 
morphogenetic step occur without any appar- 
ent selective pressure for specific mechanisms? 
Writing in Nature Communications, Brunet 
et al.’ suggest a solution to this conundrum — 
that it is the mechanics of gastrulation that is 
evolutionarily conserved. 

During gastrulation, the mesoderm (from 
which muscles, bones, blood vessels and con- 
nective tissue derive) forms between the inter- 
nal gut tube (the endoderm) and the ectoderm, 
which faces the external world and becomes 
neural tissue and skin. Gastrulation is a pro- 
foundly physical event: cells deform, get pulled 
and are compressed, generating hinges, folds 
and borders. But it comes in many variations. 
In arthropods, for example, the single-layer 
embryo invaginates to make a pocket that 
becomes the mesoderm, whereas in fish and 
amphibians gastrulation entails a mass move- 
ment of cells called epiboly (Fig. 1a). The 
molecular signals that trigger these events also 
differ among animal phyla. 

Developmental biologists are well equipped 


to play with genes and biochemical pathways, 
but much less at ease studying the mechani- 
cal stresses to which cells are exposed. Brunet 
and colleagues used a suite of tools and new 
bioassays to manipulate the mechanics of 
zebrafish embryos in vivo. Cell mechanics is 
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rooted in cytoskeletal tension and architec- 
ture, and tuned by the physical resistance of 
surrounding cells or the extracellular matrix’. 
By applying cytoskeleton-targeting drugs that 
cause epiboly to be arrested at very early stages 
(Fig. 1b), they found that this mechanical 
impairment had no effect on initial germ-layer 
specification and dorso-ventral (front-to- 
back) polarity, but that expression of the ntl 
gene, an early mesodermal marker (known 
as brachyury in other vertebrates), was not 
activated in the ring of cells at the embryonic 
margin. 

During normal embryogenesis, initial 
expression of ntl is associated with a specific 
deformation in the shape of the cells lying at the 
border of the growing embryo. This margin is, 
however, not fixed: it advances as gastrulation 
proceeds, and its cellular composition changes 
as cells transit through the margin before 
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Figure 1 | Stretched embryos make mesoderm. During embryonic development, a process called 
gastrulation leads to the formation of three cell layers — the ectoderm, mesoderm and endoderm. a, In 
zebrafish, gastrulation involves a mass movement, or epiboly, of a thick layer of cells called the epiblast. 
During epiboly, cells at the border of the developing embryo undergo structural deformation. b, Brunet 
et al.’ show that, in embryos treated with drugs that block the function of the cytoskeleton (and so block 
cellular deformation), epiboly and early mesoderm formation are inhibited. c, However, they find that 
external application of strain — by injecting the embryonic cells with magnetic particles and then literally 
pulling on them with a magnet — rescues epiboly movements and mesoderm-specific gene expression. 
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rolling inside the embryo. Might mesoderm 
gene expression be activated by structural cell 
deformation associated with this border? To 
answer this question, Brunet et al. injected the 
mechanically defective embryos with magnetic 
particles, allowing the margin cells to be mech- 
nically towed by an electromagnet ring posi- 
tioned around the embryo. Remarkably, this 
procedure rescued cell deformation, epiboly 
movements and mesoderm gene expression 
(Fig. 1c). Furthermore, rescue occurred even 
in neighbouring cells that did not receive the 
magnetic particles, suggesting that mechani- 
cal forces are transmitted through cell-cell 
junctions. 

Brunet et al. next studied Drosophila (fruit- 
fly) embryos lacking the snail gene — these 
also show impaired mesoderm formation’. 
Again, they found that a mechanical chal- 
lenge, in the form of external application 
of an indentation, restored mesoderm-for- 
mation competence in the embryos, sug- 
gesting that the relevance of mechanical 
interactions to this process is evolutionarily 
conserved. 

Although Brunet and colleagues did not 
study the gastrulation mechanics of mam- 
mals and other amniotes, it is worth mention- 
ing that in mouse and chick embryos epiboly 
seems to be uncoupled from mesoderm for- 
mation; instead, the latter occurs at a structure 
known as the primitive streak, which lies in 
the middle of the embryo’. However, at least 
in chick embryos, formation of the primitive 
streak is preceded by massive cell-cell interca- 
lations, analogous to the epiboly movements 
in fish embryos. Intriguingly, interfering with 
these cellular movements in chick embryos 
does not block mesoderm formation, but 
causes it to form at the embryo boundary’, 
as in fish and other anamniotes. Thus, one 
might speculate that mesoderm induction 
in amniotes also requires an association with 
a mechanically challenged cellular state, as 
Brunet et al. predict. In line with this idea, it 
was recently shown‘* that, in mouse embryos, 
mechanical forces from maternal tissues 
have a causal role in forming the specialized 
tissue responsible for inducing the anterior- 
posterior axis. 

So it seems that, after years of oblivion, 
research on mechanical forces is return- 
ing to centre stage in cell biology, promising 
to enhance our understanding of the links 
between cell behaviour and the structural con- 
text of cells and organs’. Such studies will also 
further our understanding of mechanotrans- 
duction pathways, which link physical forces to 
cell signalling. Brunet et al. contribute to this, 
by showing that the shuttling of the signalling 
molecule B-catenin from the cytoplasm to the 
nucleus can be used as a proxy for mechanical 
activation of border cells in the early phases of 
gastrulation in zebrafish and fly embryos. It 
seems that this nuclear shuttling occurs inde- 
pendently of the Wnt signalling pathway (with 


which B-catenin is typically associated), but 
instead involves phosphorylation of b-catenin 
by Src kinase enzymes. Clearly, further work is 
required to confirm the relevance of b-catenin 
as a mechanoeffector in gastrulation, given 
that some of the authors’ claims about the 
function of this protein rest on experiments 
using overexpression of dominant-negative 
proteins. 

Brunet and colleagues’ work reminds us that 
cells can extract as much information from 
changes in their form or three-dimensional tis- 
sue localization as they do from soluble factors. 
How the genome responds to these changes, 
and whether the embryo uses mechanical 
forces as a long-range communication device 
to orchestrate its own morphogenesis, remain 
questions for future studies. m 
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A suppression switch 


The status of the protein p53 determines whether inhibiting the cellular autophagy 
pathway promotes or inhibits pancreatic cancer in mice. This finding serves as a 
cautionary tale for clinical trials of autophagy inhibitors. SEE LETTER P.296 


HANNA STAROBINETS & JAYANTA DEBNATH 


utophagy is a fundamental process in 
which a cell cannibalizes itself, degrad- 
ing and recycling cytoplasmic proteins 
and organelles. This pathway has a crucial 
role in promoting cellular homeostasis and 
survival in response to diverse forms of stress, 
so there is considerable interest in modulat- 
ing autophagy in cancer cells. So far, clinical 
trials have focused predominantly on enhanc- 
ing the efficacy of chemotherapy by inhibiting 
autophagy, using antimalarial drugs such as 
hydroxychloroquine’. But there is confusion 
as to whether inhibiting autophagy enhances 
or diminishes cancer therapy — current evi- 
dence suggests that both may be true. In this 
issue, Rosenfeldt et al.” (page 296) identify the 
tumour-suppressor protein p53 as a determi- 
nant of whether autophagy suppresses or accel- 
erates the progression of pancreatic cancer. 
Pancreatic cancers, specifically pancreatic 
ductal adenocarcinomas (PDACs), are aggres- 
sive and lethal tumours that commonly dis- 
play mutational activation of the signalling 
molecule Kras*. Recent work has established 
that tumours characterized by mutations in 
Kras or other Ras proteins rely on autophagy 
for growth and cell proliferation, making this 
pathway an attractive therapeutic target*”’. 
Rosenfeldt and colleagues used genetically 
engineered mice to investigate the role of 
autophagy in the progression and treatment 
of PDACs driven by the mutation Kras°”””. 
They demonstrate that silencing essential 


autophagy-regulating proteins (either ATG5 
or ATG7) in Kras®’””-mutant pancreatic epi- 
thelial cells led to higher expression of p53, 
which was accompanied by decreased pro- 
liferation, increased apoptotic cell death and 
elevated cellular senescence, all of which are 
important barriers to tumour formation’. 
The authors further show that this loss of 
autophagy is sufficient to prevent the pro- 
gression of early stage precancerous lesions, 
termed pancreatic intraepithelial neoplasias 
(PanINs), into more advanced cancers 
(Fig. 1a). This finding is consistent with pre- 
vious work demonstrating a requirement for 
autophagy in the growth of pancreatic cancer’. 
Interestingly, Rosenfeldt et al. also show that 
the engineered loss of autophagy in normal 
mouse pancreatic tissue led to elevated p53 
expression and cell death, and that this resulted 
in pancreatic-tissue destruction and diabetes. 
More than half of human PDACs exhibit 
silencing or mutation of the gene encod- 
ing p53 (ref. 10), raising the question of 
whether defective autophagy will still prevent 
PDAC progression when p53 is inactivated. 
The authors tested the effects of combined 
autophagy loss and p53 deficiency in Kras- 
mutant PDACs and, surprisingly, found that 
this accelerated, rather than impeded, PDAC 
progression (Fig. 1b). Ina key experiment, the 
authors treated mice that had Kras©!??-driven, 
p53-deficient lesions with hydroxychloro- 
quine and again observed significantly faster 
PDAC formation. This result contrasts with 
the previous observation’ of delayed tumour 
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Figure 1 | Autophagy, p53 and cancer progression. Mutations that cause abnormal activation of the 
protein Kras are commonly associated with pancreatic cancer. The cell proliferation that results from these 
mutations leads to the development of precancerous lesions called pancreatic intraepithelial neoplasias 
(PanINs), which stochastically develop into invasive pancreatic ductal adenocarcinomas (PDACs). a, 
Rosenfeldt et al.’ show that when this process is accompanied by normal activity of the tumour-suppressor 
protein p53, inhibiting autophagy blocks tumour progression at the PanIN stage, which is associated with 
p53 activation, suppression of proliferation and increased cellular senescence. b, However, if the Kras- 
mutant pancreatic cells lack p53, inhibition of autophagy accelerates the development of PDACs. The 
authors suggest that this acceleration may be due to enhanced glucose metabolism. 


progression following treatment of Kras°'’?- 


driven, p53-normal PDACs with chloroquine, 
a hydroxychloroquine derivative. 

Thus it seems that p53 acts as a switch in 
pancreatic cancer that dictates whether thera- 
peutic inhibition of autophagy slows or accel- 
erates disease progression. It remains unclear 
whether p53 similarly regulates autophagy 
inhibition in other cancers, but it seems likely 
that there will be cancer-specific nuances — 
in Kras-mutant lung cancers, for example, 
silencing of ATG7 suppresses proliferation and 
alters tumour differentiation, irrespective of 
p53 status®. Nevertheless, Rosenfeldt and col- 
leagues’ findings have immense clinical impli- 
cations, because they highlight the importance 
of determining the p53 status of pancreatic 
cancers before treatment with autophagy 
inhibitors. 

The activation of Ras proteins elicits pro- 
found metabolic changes that drive energy 
production and biosynthetic capacity in 
rapidly proliferating tumour cells; previous 
studies* ’ have demonstrated a requirement 
for autophagy in sustaining cellular metabo- 
lism during Ras mutation. In mouse models of 
lung cancers, autophagy-deficient precancer- 
ous tumours harbouring mutations in Kras or 
Braf (another signalling molecule commonly 
mutated in cancer) are unable to progress 
to the malignant stage and exhibit impaired 
mitochondrial metabolism*®. By contrast, 
Rosenfeldt et al. propose that increased glu- 
cose metabolism is responsible for the accel- 
erated progression of Kras*'”?-driven PDACs 
seen following concomitant inhibition of p53 
and autophagy. 

In support of this, the authors show that cells 
from PDACs growing in Kras°'’” mice that 
also lacked p53 and ATG7 exhibited enhanced 
glucose uptake and increased metabolite levels 


compared with their autophagy-proficient 
Kras¢>, p53-lacking counterparts. However, 
restoration of autophagy by re-expression of 
ATG7 did not reverse these metabolic altera- 
tions, so it remains unclear whether the meta- 
bolic changes are a cause or a consequence 
of the increased aggressiveness displayed 
by PDAC cells lacking both autophagy and 
p53. Furthermore, the loss of autophagy 
may have other metabolic consequences: in 
Kras°’’?-driven lung cancers, for example, 
the combined loss of ATG7 and p53 results 
in aberrant fatty-acid oxidation and pro- 
found lipid accumulation, suggesting a role 
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for autophagy in lipid breakdown*®. 

Finally, it is important to recognize that in 
human Kras-mutant PDAC cell lines with p53 
mutations, the loss of autophagy reduces pro- 
liferation and tumour growth’ — the opposite 
effects to those described by Rosenfeldt et al. in 
mice. This discrepancy may arise from the dif- 
ferent effects of p53 mutation versus outright 
genetic deletion on metabolism in pancreatic 
cancers. Although further study is required 
to understand the mechanism underlying the 
ability of p53 to switch the clinical outcome 
of autophagy inhibition, Rosenfeldt and col- 
leagues have illustrated the importance of 
defining the molecular contexts in which 
targeting autophagy may be beneficial for 
anticancer therapy. = 
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Tracking our 


neighbours’ 


past 


The collective motions of dwarf galaxies in planes around the Andromeda galaxy 
and the Milky Way have presented a challenge to theory. Interactions between 
galaxy groups in the distant past may have left their imprint on these dwarfs. 


ALAN MCCONNACHIE 


ittle galaxies have long been known 
Le orbit around large galaxies such as 

our own Milky Way or our neighbour 
Andromeda (Fig. 1). But recent discoveries’” 
showing that the nearest ‘dwarf’ galaxies are 
collectively rotating in giant planar structures 
— akin to disks — have baffled astronomers. 
Writing in Monthly Notices of the Royal Astro- 
nomical Society, Shaya and Tully’ describe an 
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analysis suggesting that the dwarfs’ peculiar 
motion is an imprint of a time when Androm- 
eda and the Milky Way were not the only big 
kids on the block. 

The same theory that has shown so much 
success in predicting the large-scale proper- 
ties of the Universe — for example, the cosmic 
microwave background radiation that perme- 
ates the whole of space, detected in fine detail 
by the Planck satellite earlier this year* — also 
makes predictions about how dwarf galaxies 


form. The expectation is that they do so essen- 
tially independently of each other. So it came as 
a surprise when it was reported in January’ that 
many of the dwarfs around Andromeda move 
as a group, mapping out a giant, rotating, thin 
disk that is viewed nearly edge on from Earth. 
This arrangement seems to be similar to that 
shown by the Milky Way’s dwarfs’. 

How can a bunch of objects that form 
separately conspire to share a property as 
fundamental as how they move around their 
larger hosts? If the theory cannot explain 
the data, then the theory must be wrong. 
Astronomically speaking, the stakes are 
high, and an important first step is to work 
out whether there is a way — any way — in 
which the standard cosmological theory could 
match the seemingly bizarre movements of 
our littlest neighbours. 

To this end, Shaya and Tully attempt to 
reconstruct the orbits of all our Galactic neigh- 
bours from the early ages of the Universe up 
until now, to see whether they can identify 
how and when these disks of dwarfs came to 
be. The authors find many possible solutions, 
but it is when they dig into the details of these 
solutions that the elegance of their approach 
starts to shine through. As a result of cosmic 
expansion, many galaxies that were once rela- 
tively close to us are now much farther away, 
and the researchers isolate key moments, and 
key protagonists, that they identify as shoul- 
dering the responsibility for the formation of 
the planes of dwarfs. 

The most significant players seem to be two 
vast features: the Local Sheet and the Local 
Void. The Local Sheet is a giant structure that 
contains large numbers of galaxies and galaxy 
groups — including our own — and forms a 
wall along the edge of a vast expanse of empti- 
ness, known as the Local Void. Shaya and Tully 
suggest that, in the early Universe, Andromeda 
was pulled out of this void, dragging behind 
it an entourage of dwarf galaxies that were 
attracted to Andromeda by its gravitational 
pull. Andromeda, being attracted to the Milky 
Way, effectively stretched these dwarfs out into 
a chain aligned with the Milky Way, and it is 
this feature that we now observe as the disk of 
dwarfs around Andromeda. 

Meanwhile, the Milky Way was caught 
up in its own struggle for companions with 
Andromeda and another galaxy group, now 
much farther away. Because of their compet- 
ing gravitational pulls, only certain dwarfs 
were pulled towards the Milky Way. And all 
this proceeded as the Milky Way was pulled 
towards the Virgo Cluster — a massive collec- 
tion of galaxies now nearly 20 times farther 
away than Andromeda. Aiming at a moving 
target, the dwarfs that chased the Milky Way 
now find themselves aligning in the direction 
of this massive, but now distant, structure. 

The spatial distribution and motion of 
dwarf galaxies are just the latest in a series 
of problems that have cropped up as researchers 


vod. ‘ 
Figure 1 | The Andromeda galaxy. 


explore the consequences of the favoured 
cosmological model in ever more detail on 
scales for which the theory was not originally 
developed. The number of dwarfs*®, the mass 
distribution within dwarfs”* and now the 
spatial distribution of dwarfs are all new test- 
ing grounds for cosmology that are providing 
challenges to our understanding, particu- 
larly when considered alongside large-scale 
phenomena such as galaxy clustering or the 
cosmic microwave background. 

So, has the model for how the Universe puts 
itself together survived another observation? 
Maybe. What is offered by Shaya and Tully is 
not a definitive answer — far from it, as they 
are at pains to stress. Their method is designed 
to find solutions, irrespective of whether such 
solutions are ‘likely. What they do show is 
that, with the right set of interactions, weird- 
looking arrangements of dwarfs like those we 
observe around the Milky Way and Androm- 
eda might be explained without any need to 
change anything fundamental in the standard 
model — which is not the same as saying that 
changing something fundamental might not 
be better. 

But Shaya and Tully’s analysis stands out 
because it provides invaluable insight into a 


NEWS & VIEWS | RESEARCH | 


complex arena in which galaxies now sepa- 
rated by vast distances compete for compan- 
ions, and dwarfs chase large galaxies through 
space as their large hosts are pulled towards 
distant clusters. It is an elegant demonstration 
that the complexity of the structure of the Uni- 
verse at large can imprint itself on the smallest 
scales. And, even in astronomy, what seem to 
be local problems may well necessitate global 
solutions. m 
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The highs and lows 


of memory 


Recent experience can affect memory either positively or negatively. A small 
population of inhibitory neurons that express the protein parvalbumin seems to 
have a pivotal role in this process. SEE LETTER P.272 


KEVIN ALLEN & HANNAH MONYER 


he ability to memorize our daily life 
depends on a brain region called the 
hippocampus. Patients with damage 

to this region are unable to form new long- 
term memories of day-to-day events’. Given 
its importance, the hippocampus has been the 
subject of a tremendous amount of research 
aimed at understanding how the hippocam- 
pal neuronal network supports memory. 
Writing on page 272 of this issue, Donato and 
colleagues’ provide insight into how recent 
experience can alter hippocampal memory 
functions. The main contribution of this work 
is the identification of bidirectional, experi- 
ence-dependent modifications in a subset of 
hippocampal neurons that are associated with 
enhanced or impaired memory performance. 
Neurons in the hippocampal network can 
be divided into two main categories: excita- 
tory and inhibitory. Excitatory neurons are 
the main carriers of information and connect 
the hippocampal network with other brain 
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regions. But their activity is not left unchecked: 
excitatory neurons are tightly regulated by the 
release of the neurotransmitter GABA from 
inhibitory neurons. In fact, it has been sug- 
gested’ that many of the extraordinary com- 
putational processes implemented in neuronal 
networks originate from the action and diver- 
sity of inhibitory neurons. 

Donato et al. investigated the effect of 
previous experience on a group of inhibitory 
neurons that express the calcium-buffering 
protein parvalbumin. Although this group 
constitutes only some 5% of the hippocampal 
neuronal population, it is crucial for sustain- 
ing several types of rhythmic neural activity in 
the brain and has been implicated in numerous 
cognitive processes’. 

The authors assigned mice to one of two 
experimental conditions. One group of animals 
was housed in an enriched environment rather 
than the standard conditions common to most 
laboratories. The second group was subjected 
to contextual fear conditioning, which involves 
placing the animals in an environment where 


b High parvalbumin expression 


Contextual fear conditioning, 
learning completion 


Reduced recognition memory 


Figure 1 | Experience and alteration of parvalbumin-expressing neurons. a, Donato et al.” propose that 
an enriched environment and spatial learning can increase the number of inhibitory synaptic terminals (red) 
that make contact with parvalbumin-expressing neurons, leading to low parvalbumin expression. 

This affects hippocampal excitatory neurons downstream, resulting in enhanced memory. Excitatory 
synaptic terminals are shown in blue. The pink synaptic terminal is inhibitory, and expresses low levels 

of parvalbumin and the enzyme GAD67. b, By contrast, contextual fear conditioning and completion 

of learning increase the number of excitatory synaptic terminals that make contact with parvalbumin- 
expressing neurons, which is associated with high parvalbumin expression and, consequently, reduced 
recognition memory at the level of hippocampal neurons. 
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they receive a series of five electric shocks. 

The team found that the enriched environ- 
ment resulted in a decrease in parvalbumin 
expression, whereas contextual fear condition- 
ing caused the opposite (Fig. 1). Intriguingly, 
parvalbumin expression was strongly corre- 
lated with that of the enzyme GAD67, which in 
inhibitory neurons transforms the amino acid 
glutamate into GABA. This effect of recent 
experience on parvalbumin levels seemed 
to be restricted to basket cells, a subgroup of 
parvalbumin-expressing neurons that makes 
synaptic connections predominantly onto the 
cell body of excitatory and other inhibitory 
neurons. Donato and co-authors propose that 
the change in parvalbumin expression resulted 
from a shift in the ratio of excitatory to inhibi- 
tory synaptic inputs onto basket cells. 

The most surprising finding of this work is 
that experience-dependent changes in par- 
valbumin expression coincide with changes 
in memory functions. Mice with low par- 
valbumin expression following exposure to 
an enriched environment showed enhanced 
object-recognition memory, whereas those 
with high parvalbumin expression after fear 
conditioning displayed impaired memory. 
To gather further evidence of a role for par- 
valbumin expression level in memory, the 
authors used a pharmacogenetic approach 
to manipulate the activity of cells expressing 
parvalbumin. Inhibiting or activating parval- 
bumin-expressing neurons led to a decrease 
or increase in parvalbumin expression levels, 
respectively. These manipulations were associ- 
ated with the expected behavioural outcome, 
such that experimentally controlled parvalbu- 
min expression was negatively correlated with 
object-recognition memory. 

Donato et al. also assessed parvalbumin 
expression levels during the course of spatial 
learning. They found that, in a navigation task, 
parvalbumin expression was low during the 
learning phase of the task, but shifted to high 
once learning was completed. Again, low and 
high parvalbumin expression were associated 
with enhanced and reduced object-recognition 
memory, respectively. These learning-related 
changes in parvalbumin expression were also 
accompanied by a modification of the synaptic 
inputs onto basket cells. 

One of the most pressing questions in light 
of this work is how neuronal activity in the hip- 
pocampal network changes with variations in 
parvalbumin expression. Future studies should 
address the consequences of enriched environ- 
ments and contextual fear conditioning on the 
activity of parvalbumin-expressing neurons 
within the hippocampal network. The activa- 
tion of parvalbumin-expressing basket cells 
during high and low expression of parvalbu- 
min could also be investigated in brain sections 
by measuring the response of these neurons 
after stimulation of input pathways. Given the 
anatomical synaptic alterations presented in 
this study, one expects modifications of the 


excitatory and inhibitory synaptic currents 
during high and low expression states of par- 
valbumin, respectively. Moreover, changes in 
the calcium-buffering capacity and in GAD67 
levels should affect the synaptic output of 
parvalbumin-expressing neurons”. 

A second avenue that deserves further 
investigation relates to the link between recent 
experience and parvalbumin expression. 
Donato and co-workers suggest that the bal- 
ance of excitatory and inhibitory synapses onto 
parvalbumin neurons is a key factor govern- 
ing the expression of this protein. But what 
determines these changes in synaptic con- 
nectivity in the first place? Are they the result 
of specific activity patterns occurring in the 
hippocampus or are they instead controlled 
by neuromodulatory signals originating out- 
side the hippocampus? Answers to these ques- 
tions would complete the picture of how recent 
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experience modulates learning and memory by 
altering the configuration of the parvalbumin- 
expressing neuronal network. m 
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Ferromagnetic 


ferrofluids 


The idea of creating liquids containing magnetic particles that display 
ferromagnetism has not been realized — until now. Plate-shaped magnets in a 
liquid crystal have been made that exhibit this property. SEE ARTICLE P.237 


NOEL A. CLARK 


t room temperature, iron atoms behave 
as identical sub-nanometre-sized bar 
magnets. Solid iron’s crystal structure 
is such that if a piece of the metal — say, a nail 
— is placed in a magnetic field, the atomic 
magnets, which will tend to align along the 


Magnetic 
particles 


ee, 
oe 


field, will maintain their induced orientation 
even when the field is removed. The nail itself 
will thus become a big bar magnet (Fig. 1a). As 
a result, materials that hold magnetic ordering 
in the absence ofan applied magnetic field are 
named after iron and termed ferromagnetic, 
or just magnetic for short’. On page 237 of this 
issue, Mertelj et al.’ report the observation of 


Figure 1 | Bar magnets and ferrofluids. a, In ferromagnetic iron, the magnetic moments of iron atoms, 
here illustrated as tiny bar magnets, maintain their mutual south-north orientation in the absence of 

a magnetic field to form a bigger, permanent bar magnet. Its magnetic moment is shown by the arrow. 

b, Ferrofluids, suspensions of sub-micrometre-sized magnetic particles, respond strongly to an applied 
magnetic field (B), forcing the fluid to form dramatic spikes (c) as a way of filling its volume with field. 

c, Photograph ofa ferrofluid on a reflective glass plate and subjected to a strong magnetic field. 
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Figure 2 | Ferromagnetic order ina ferrofluid. a, Ferrofluids are non-magnetic in the absence of a 
magnetic field because of thermal disorder and the fact that their constituent micro-magnets arrange in 
pairs that cancel out the net field that the magnets produce. b, Mertejl et al.” used plate-shaped magnets 
with moments that add upon pairing. c, The authors’ ferromagnetic ferrofluid uses a nematic liquid 
crystal (blue) with local molecular orientation (blue lines) in order to keep the magnetic plates horizontal 
in the image. With this constraint, the magnetic moments of the plates (black arrows) mutually orient 
parallel to one another, as in the stacking of magnetic plates in b and as can be seen from the continuity of 


the magnetic-field lines (orange). 


ferromagnetism in a novel marriage of particle 
and fluid. 

One of the most beautiful applications of 
ferromagnets is ferrofluids. These are suspen- 
sions of sub-micrometre-sized magnetic parti- 
cles in organic solvents, such as kerosene, with 
a surfactant soap to keep them dispersed’. The 
micro-magnets in a ferrofluid also respond to 
a magnetic field by orienting along the field 
(Fig. 1b) and, as a result, the field can exert 
strong forces on the fluid, radically changing 
its shape as the fluid moves to maximally fill 
its volume with magnetic field (Fig. 1c). These 
effects are both exotic and useful, with a wide 
range of applications, ranging from computer 
disk drives to rotary vacuum seals and speaker- 
damping technology. 

However, an important feature of ferrofluids 
is that, despite their dramatic response to fields, 
they are not macroscopically ferromagnetic. 
That is, although their micro-particles are 
ferromagnetic, once an applied field is removed 
the induced magnetic ordering averaged over 
volumes containing many particles disappears. 
Such a material — with no remnant magnetiza- 
tion in the absence of field — is termed para- 
magnetic. When iron is heated to temperatures 
above 1,050 kelvin, at which point thermal 
disordering of its atomic magnetic-moment 
orientations dominates, it also becomes 
paramagnetic’. 

Ferrofluids are paramagnetic because of 
thermal disorder of particle orientation at 
room temperature and because there is a ten- 
dency for magnetic particles in suspension to 
arrange in pairs or groups that cancel out the 
net field that the particles produce. Anyone 


who has played with bar magnets is familiar 
with the way they snap together (Fig. 2a) with 
their magnetic dipoles oriented in opposite 
directions, mutually cancelling out each other's 
moment. However, the example of iron shows 
that ferromagnetism is interesting and useful, 
motivating the question of whether ferromag- 
netic ferrofluids could be made, and how their 
properties would differ from those of currently 
known paramagnetic ferrofluids. 

Mertelj et al. take a major step towards 
addressing this question, combining tech- 
niques of soft-matter and magnetic-particle 
physics to fundamentally change each of the 
key ferrofluid components (particles, solvent 
and soap) to create a system in which the field- 
cancelling magnetic micro-particle association 
is suppressed to yield stable ferromagnetic 
order in a fluid suspension (Fig. 2c). 

To appreciate their achievement further, 
more playing with magnets is in order — this 
time, with plate-like magnets in which the 
magnetic moment is normal to the plane of 
the plate (Fig. 2b). This reveals that field can- 
cellation is more difficult with plate-shaped 
magnets than it is for rod-shaped ones. The 
plates tend to stack strongly like coins, their 
fields adding, but form only weak side-by-side 
antiparallel geometries, an arrangement more 
likely to yield ferromagnetic ordering in sus- 
pension. So Mertelj et al. used micro-plates of 
barium hexaferrite — a magnetic material that 
can be grown in ultrathin crystalline plates of 
high aspect ratio’ (5 nanometres thick and, on 
average, 70 x 70 nm in area) — that have their 
atomic magnetic moments normal to the plane 
of the plate. 
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To make a suspension of these magnetic 
plates, Mertelj and colleagues chose as the 
solvent a nematic liquid crystal (LC; Fig. 2c), 
a non-magnetic fluid of nanometre-scale 
molecular rods that spontaneously acquire 
long-range orientational order — a propen- 
sity for the molecular orientation to become as 
uniform as possible given the constraints of the 
physical boundaries of the fluid’s container’. 
For the present purposes, the LC is simply 
a host, but one with internal orientational 
elasticity. 

On to the surfactant, which Mertelj et al. use 
to couple the orientations of the particles and 
the LC, coating the barium hexaferrite plates 
so that the LC orientation at the plates’ surfaces 
is normal to the plates. This, in turn, causes 
the plates to align normal to the average LC 
direction, keeps them flat and gives them a 
charge, causing them to repel one another — a 
combination that enables them to fill space as 
a fog of parallel flat flakes (Fig. 2c). Now, in 
principle, some flakes could have their mag- 
netic moments up and others down. But, as in 
the game with plates, the tendency for uniform 
orientation will win out and large volumes of 
uniform magnetic orientation will spontane- 
ously grow to form ferromagnetic domains in 
a ferrofluid. 

In addition to creating a ferromagnetic 
ferrofluid, Mertelj and colleagues have made 
a LC system that is ferromagnetic on length 
scales that incorporate many particles, the 
first LC system to exhibit orientational order- 
ing that changes in a polar manner in response 
to an applied magnetic field. This discovery 
opens up the possibility of producing a wide 
variety of new magnetic-field effects in which 
LC molecular orientation, and therefore its 
influence on light propagation, can be con- 
trolled by an applied magnetic field. It also 
suggests that it might be feasible to make 
electrical analogues — similarly designed sus- 
pensions of electrically polar particles. How- 
ever, the understanding and application of 
field-induced manipulation of LC molecular 
orientation, in which electric fields have ena- 
bled LC displays and the portable computing 
revolution, seems to be heading for a magnetic 
revolution based on ferromagnetic coupling of 
optical response and magnetic field. m 
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An archaeal origin of eukaryotes supports 
only two primary domains of life 


Tom A. Williams', Peter G. Foster”, Cymon J. Cox® & T. Martin Embley! 


The discovery of the Archaea and the proposal of the three-domains ‘universal’ tree, based on ribosomal RNA and core 
genes mainly involved in protein translation, catalysed new ideas for cellular evolution and eukaryotic origins. However, 
accumulating evidence suggests that the three-domains tree may be incorrect: evolutionary trees made using newer 
methods place eukaryotic core genes within the Archaea, supporting hypotheses in which an archaeon participated in 
eukaryotic origins by founding the host lineage for the mitochondrial endosymbiont. These results provide support for 
only two primary domains of life— Archaea and Bacteria— because eukaryotes arose through partnership between them. 


Archaea have figured prominently in hypotheses for eukaryotic 

origins'”. Although similar to Bacteria in terms of cell structure, 
molecular phylogenies for ribosomal RNA and a small core of genes, that 
mainly have essential roles in protein translation’, suggested that the Archaea 
were more closely related to the eukaryotic nuclear lineage; that is, to the 
host cell that acquired the mitochondrion’. The idea that Archaea and 
eukaryotes are more closely related to each other than either is to Bac- 
teria depends on analyses suggesting that the root of the tree should be 
placed on the bacterial stem, or within the Bacteria®’, implying that the 
prokaryotes—cells that lack a nucleus—are a paraphyletic group’*. The 
main question now debated is whether core components of the eukaryotic 
nuclear lineage descend from a common ancestor shared with Archaea, 
as in the three-domains tree" (Fig. 1), which is also often called the ‘uni- 
versal tree’ or ‘tree of life’’""”, or from within the Archaea, as proposed by 
archaeal-host hypotheses for eukaryotic origins”. The archaeal-host sce- 
nario with the greatest phylogenetic support is the eocyte hypothesis", 
which proposes a sister-group relationship between eukaryotes and the 


S ince their discovery by Carl Woese and his co-workers in 1977, the 
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Figure 1 | Competing hypotheses for the origin of the eukaryotic host cell. 
a, The rooted three-domains tree“* depicts cellular life divided into three major 
monophyletic groups or domains: the Bacteria, Archaea and Eukaryota—the 
latter representing the host lineage, sometimes also called the nuclear or 
nucleo-cytoplasmic lineage’, that acquired the mitochondrial endosymbiont. 
In this tree the Archaea and Eukaryota are most closely related to each other 
because they share a common ancestor that is not shared with Bacteria. 

b, The rooted eocyte tree recovers the host-cell lineage nested within the 


eocytes (or Crenarchaeota"), one of the major archaeal divisions (Fig. 1). 
However, the three-domains-eocyte debate remains controversial because 
different phylogenetic methods have delivered different results, often from 
the same data’’. This disagreement is due, at least in part, to the difficul- 
ties associated with resolving ancient divergences in phylogenetic trees. 


Challenges of reconstructing ancient relationships 

A major issue in reconstructing ancient relationships is the strength and 
quality of historical signal remaining after the millions of years since the 
divergence of Archaea and eukaryotes. The earliest fossils identified as 
eukaryotic appeared by about 1.8 billion years ago”; over this enormous 
span of time, the accumulation of multiple substitutions in DNA and 
protein sequences might have erased any signal that would allow the 
relationship between archaeal and eukaryotic core genes to be estab- 
lished’. However, more recent simulations and empirical studies sug- 
gest that there are reasons to be cautiously optimistic that this is not the 
case: functional constraints vary across real DNA and protein sequences 
so that sites evolve at different rates”. Fast-evolving sites are indeed 
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Archaea as a sister group to the eocytes (which Woese et al."* called the 
Crenarchaeota); this implies that, on the basis of the small set of core genes, 
there are only two primary domains of life—the Bacteria and the Archaea. In its 
modern formulation shown here the eocyte hypothesis implies that the closest 
relative of the eukaryotic nuclear lineage is one, or all, of the TACK Archaea, 
which include newly discovered relatives of the eocytes/Crenarchaeota. 

Both trees have been traditionally rooted on the bacterial stem, consistent with 
some published analyses” *. 
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quickly saturated but the slowest sites can still retain useful phylogenetic 
information, explaining why we are able to align some genes over the 
entire tree of life. Analyses of molecular sequences might therefore be 
able to distinguish between the alternative hypotheses for eukaryotic core 
gene origins, but the phylogenetic methods used and the types of data 
analysed are likely to be of critical importance in attempts to recover any 
historical signal’?°®. 

The problems associated with phylogenetic reconstruction come into 
particularly sharp focus when comparing support for the three-domains 
and eocyte trees. The first studies to investigate this question generally 
recovered the three-domains tree, in which eukaryotes emerge as the 
sister group to Archaea”””*, but the parsimony and distance methods used 
carried unrealistic assumptions, including constancy (homogeneity) of 
base compositions across lineages and of evolutionary rates across sites. 
These assumptions are clearly violated by key phylogenetic markers such 
as small subunit ribosomal RNA genes, which contain a mixture of fast- 
and slowly-evolving sites” and for which GC content varies widely among 
the three domains’*. Compositional heterogeneity can cause phylogenetic 
error when not taken into account, because sequences of similar base or 
amino acid composition may group together in the tree even when they 
are not closely related*’**. Two pioneering studies used methods to 
mitigate possible convergence in the universal tree due to shared com- 
positional biases in nucleotide sequences and, interestingly, both recov- 
ered an eocyte tree**™*. 

Long branch attraction (LBA) is another pervasive artefact in mole- 
cular phylogenies, in which sequences with long branches cluster together 
irrespective of their evolutionary history****. LBA is especially proble- 
matic for parsimony methods, but it can also affect probabilistic methods 
if the model ignores among-site rate variation, or is otherwise a poor fit 
to the data*’. Trees for the rRNA and protein-coding genes used to infer 
relationships between domains often show evidence of long branches 
and are therefore susceptible to LBA. Some of the early attempts to miti- 
gate the influence of LBA in inter-domain analyses also recovered eocyte 
trees, although with variable support. Evolutionary parsimony, a method 
designed to reduce the effect of long branches on the inferred tree, reco- 
vered an eocyte topology from rRNA sequences”, although archaeal 
monophyly was favoured when a related method, compositional statistics, 
was used to analyse RNA polymerase sequences**. By contrast, analyses of 
rRNA and RNA polymerase using models that accounted for among-site 
rate variation supported the eocyte hypothesis over the three-domains 
tree”. To reconcile these results, Tourasse and Gouy” suggested that the 
three-domains tree might be a phylogenetic artefact caused by LBA between 
the long bacterial and eukaryotic branches, forcing an artefactual cluster- 
ing of the shorter archaeal branches. In other words, the eocyte tree might 
be intrinsically more difficult to recover using simple methods, because it 
requires the clustering of the short branch leading to the eocytes/Crenarchaeota 
with the long eukaryotic branch. 

Single-gene phylogenies often fail to strongly resolve the relationships 
between the domains'*”°, and so a number of studies have analysed con- 
catenations of the core set of proteins conserved on all genomes. As already 
described, these genes largely function in translation and gene expression, 
and include many of the essential RNA and protein components of the 
ribosome. These cellular components have been called the “genealogy- 
defining core”, the ‘genetic core" of cells or the ‘functional core of genomes’"®, 
and their common history has been cited*'*"' as the strongest support for 
the three-domains tree. Testing the evolutionary origins of this small set 
of genes is therefore critical to the three-domains—eocyte debate. Interes- 
tingly, analyses using similar sets of concatenated core genes have yielded 
different conclusions, for example Katoh et al.” obtained an eocyte tree 
from a set of 39 universal proteins, whereas Ciccarelli et al.” analysed a 
similar set of proteins and obtained a three-domains tree. One reason for 
the conflicting results in this case may be the different methods used for 
making the sequence alignment: the order of alignment had previously 
been shown to dictate which tree (eocyte or three-domains) was reco- 
vered from elongation factor Tu sequences“. Ciccarreli et al.** aligned 
bacterial, archaeal and eukaryotic sequences separately before combining 
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them into a single alignment. This stepwise procedure was criticized as 
potentially biasing the results towards a three-domains topology but also, 
when the individual alignments were combined, to have introduced 
alignment errors between domains’. Brown et al.** also inferred trees 
from a concatenation ofa subset of 14 universally conserved proteins, but 
in this study the tree recovered depended on the phylogenetic method 
used; the three-domains topology was recovered using maximum par- 
simony, but model-based methods recovered an eocyte topology. 

Over the past few years, phylogenetic models implemented in either a 
maximum likelihood or a Bayesian framework have continued to increase 
in sophistication by incorporating additional features of the evolutionary 
process. These include relaxing the assumptions of homogeneous amino 
acid or base composition across sites*® or across branches of the tree*’. 
These models seem to fit molecular sequence data much better than 
simpler models and this may make them less susceptible to LBA and 
other artefacts of model mis-specification”’. Although relatively few ana- 
lyses of the core gene set have used these models so far, all of them have 
recovered the eocyte tree, rather than the three-domains tree’. 


New archaeal lineages and eukaryotic origins 


In addition to improvements in phylogenetic methods, the diversity of mole- 
cular sequences from organisms related to the eocytes has also increased 
considerably, driven by the ease with which sequences from uncultured 
prokaryotes can now be sampled from the environment using molecular 
methods”**’. Improved sampling can have positive effects on phylogenetic 
reconstruction, particularly when it helps to break up long branches”. 
Recently discovered relatives of the eocytes include the Korarchaeota”, 
the Thaumarchaeota™ and the Aigarchaeota”’; the ‘TACK’ superphylum 
was subsequently proposed as an informal group to encompass these four 
taxa‘’. To date, the studies including TACK sequences have supported a 
version of the eocyte hypothesis extended to recognize this improved sam- 
pling, rather than the three-domains tree*”**”®. In this extended sense, 
the eocyte hypothesis implies that the closest relative of the eukaryotic 
nuclear lineage is one, or all, of the TACK Archaea. If this tree is correct, 
then an important place to look for prokaryotic homologues of eukar- 
yotic cellular componentry should be among the TACK phyla. Consis- 
tent with this prediction, members of this group encode homologues of a 
number of key eukaryotic genes (Fig. 2 and Supplementary Table 1), inclu- 
ding actin’ and tubulin’ (the essential components of the eukaryotic 
cytoskeleton), a ubiquitin protein-modification system® and a number of 
genes involved in transcription and translation*”*’. However, no single 
characterized TACK genome possesses all of these features*”*”**, imply- 
ing that gene loss, and potentially horizontal gene transfer (HGT), have 
contributed to the patterns of gene sharing on contemporary archaeal 
and eukaryotic genomes”. 


Which history do universal trees represent? 


In their seminal papers, Woese and Fox" recognized that the rRNA tree 
represented only one component, the host for the mitochondrial endo- 
symbiont, in the composite origins of the eukaryotic cell. That composite 
nature has been confirmed by comparative genomics, which has demon- 
strated that eukaryotic genomes contain a mixture of genes with different 
origins'*°*-°°. Some genes are ancestrally present in all three groups or 
unique to eukaryotes, but many others appear to have origins through 
gene transfers from different Bacteria, including the endosymbiotic pro- 
genitors of mitochondria and plastids, and relatively few—including the 
core set of conserved proteins we have been discussing—have affinities 
with the Archaea. From these data it is clear that no one tree is sufficient to 
describe the history of all of the genes on modern eukaryotic genomes”. 
However, even though this fact is now widely documented, the three- 
domains tree is often still called the ‘tree of life’ or ‘universal tree’ in textbooks'* 
and reviews'*"”. 

The sequencing of genomes from across the tree of eukaryotes is begin- 
ning to provide a clearer picture of the impact on eukaryotic genomes 
of HGT from prokaryotes”. These data suggest that the acquisition of 
bacterial genes, at least by microbial eukaryotes, has been an ongoing 
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Figure 2 | Archaeal links in the origin of eukaryotes. A schematic tree 
depicting the relationships between Archaea and the eukaryotic nuclear 
lineage, consistent with recent analyses of core genes using new methods 
and rooted using the Bacteria as the outgroup*''. The phylogenetic position of 
Korarchaeum was not consistently resolved in these different analyses and 
hence is depicted as part of a polytomy. Genome analyses have detected 
homologous genes in Archaea and eukaryotes that are consistent with them 
sharing a common ancestor to the exclusion of Bacteria. Many of these patterns 
of gene sharing do not distinguish between the rooted three-domains or eocyte 
trees, as they are expected to occur under both hypotheses. Recently published 
analyses of the genomes of TACK Archaea, however, have increased the 
number of homologues shared with eukaryotes and some of these are relevant 
to ideas about eukaryotic origins and the evolution of their unique features. 
These include putative orthologues of actin” and tubulin”, which in eukaryotes 
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process that extends beyond the initial injection of genes provided by the 
mitochondrial and plastid endosymbionts. From the perspective of ongo- 
ing HGT, the existence of any coherent vertical signal for ancient rela- 
tionships may seem surprising. However, the impact of HGT on the core 
genes used to reconstruct the tree of life appears rather limited. Although 
cases of HGT have been reported ”°, these occur mainly within rather 
than between domains, and at present there is little evidence that they 
have generally perturbed inferences of inter-domain relationships*'*"". 
In addition to genuine cases of HGT, poorly fitting phylogenetic models 
may also lead to disagreements between gene trees””*®: recent work has 
shown that improving the fit of phylogenetic models** or integrating the 
signal from different genes through joint inference of gene and species 
trees’"”” can reduce the level of incongruence and the number of inferred 
HGT events. 

The reasons why core genes involved in transcription, translation, 
and related processes might be transferred (that is, fixed) less frequently 
than genes for metabolic pathways are currently understood in terms of 
their degree of functional integration into cells. Their gene products are 
often found in large subcellular complexes and therefore tend to have 


Cytoskeleton 


REVIEW 


Information-processing 


Ubiquitin system 


| | Elongation factor 1-o insertion 


Tubulin 
Z FtsZ 


] Korarchaeota 


] Aigarchaeota 


Thaumarchaeota 


Eocytes/Crenarchaeota 


~ = = = | Euryarchaeota 


OO0O000 DOOOOOOCOCO0C0C0@O 


8 88 8Oe 


form the core of the cytoskeleton, as well as components of a ubiquitin protein- 
modification system in Caldiarchaeum subterraneum”’. Distant homologues of 
some of these genes have also been detected in Euryarchaeota’’*'”’, but they 
cluster outside the eukaryote/TACK clade in phylogenetic trees*”**'°°. We have 
followed existing usage” in distinguishing between the FtsZ-like tubulin family 
members found in some Archaea and the eukaryote-like tubulin homologue 
found in Nitrosoarchaeum. Several eukaryotic genes involved in transcription 
and translation have prokaryotic homologues or conserved sequence features 
that have been found so far only among the TACK Archaea. These include 
four ribosomal proteins”, the RNA polymerase subunit RpoG”, the elongation 
factor Elf1 (ref. 107), and a short amino acid insertion’” in the broadly 
conserved elongation factor 1-c that has only been found in TACK Archaea 
and eukaryotes as indicated by the vertical bar. Accession numbers and 
additional details are provided in Supplementary Tables 1 and 2. 


more interaction partners than genes for metabolic pathways; as a result, 
horizontal replacement of these genes is more likely to disrupt important 
cellular interactions and thus to be opposed by negative selection®”*”*. In 
essence, the universal core might be the largest coherent set of vertically 
inherited genes that can be tracked across the history of cellular life’, and 
as such represents a key resource for tracing the emergence of the eukar- 
yotic cellular lineage. Under the rooted three-domains hypothesis”, that 
ancestral lineage is as old as the Archaea. By contrast, the eocyte hypo- 
thesis predicts that eukaryotes are a relatively young group because their 
core genes originated from within the Archaea’®. 


The origin of eukaryotes in light of other data 


In principle, it might be possible to determine the order of events relevant 
to eukaryotic origins, or at least to exclude some scenarios, using the fossil 
and biogeochemical record. However, this record is very incomplete and 
subject to deep and sometimes heated controversy. The first fossil that 
is indisputably eukaryotic is of a bangiophyte red alga dated to between 
1.2 billion and 720 million years ago”, but earlier microfossils with a possible 
eukaryotic origin are found in rocks dated to approximately 1.8 billion 
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years ago”’. These data are consistent with molecular dating analyses that 
place the last common ancestor of eukaryotes at between 1.9 and 1.7 bil- 
lion years ago’®. An earlier origin for eukaryotes had been suggested on 
the basis of the presence of sterane biomarkers in 2.7-billion-year-old rocks”, 
but these were subsequently shown to be contaminants from younger 
rocks’*”’, An early origin for Archaea has been inferred on the basis of 
the presence of biological methane, today produced only by methano- 
genic Euryarchaeota, in rocks that are 3.5 billion years old*’. Analyses of 
microfossils and stromatolites—modern versions of which harbour com- 
plex bacterial communities*'—in 3.4-billion-year-old rocks suggest the 
presence of photosynthetic bacteria** **. Thus, on the data available, Bac- 
teria and Archaea may pre-date eukaryotes in the fossil record by almost 
2 billion years. 

In light of the uncertainties for dating eukaryotic origins in the geo- 
logical record, much attention has focused on the historical record revealed 
by the ultrastructure of the eukaryotic cell and in particular on the timing of 
the mitochondrial endosymbiosis*. When the three primary kingdoms 
and three-domains tree were originally proposed"* some contemporary 
eukaryotes called ‘archezoans’***° were hypothesized to descend from 
eukaryotic lineages that never had mitochondria****, providing modern- 
day evidence for the emergence of nucleated cells before the mitochon- 
drial endosymbiosis. The archezoans included the obligate intracellular 
parasites Microsporidia and a number of parasitic microaerophilic protists 
including Entamoeba, Giardia and Trichomonas****. However, repre- 
sentatives of all of these groups have now been shown to possess a mito- 
chondrial homologue, either a hydrogenosome or mitosome, sharing 
common ancestry with classical mitochondria”. These results imply 
that the mitochondrion was acquired before the radiation of known 
eukaryotes; therefore, the observation that the mitochondrion descends 
from an endosymbiotic member of the alphaproteobacteria** provides 
strong evidence that the origin of eukaryotes postdates the origin of that 
bacterial group**’. A relatively late origin of eukaryotes compared to 
Bacteria is consistent with the best evidence from the geological record 
and with either the three-domains or eocyte tree rooted on the bacterial 
stem or within the Bacteria*"’. Moreover, if all eukaryotes have both 
mitochondria and a nucleus, then we can no longer be sure which struc- 
ture arose first during evolution: in other words, the host cell that acquired 
the mitochondrion need not have already possessed a nucleus. Indeed, 
there are now well-argued hypotheses suggesting that the acquisition of 
the mitochondrion was the key event that sparked the prokaryote-to- 
eukaryote transition””’. In any case, the failure of the Archezoa hypo- 
thesis removes a key obstacle to theories that propose a prokaryotic host 
for the mitochondrial endosymbiont, including hypotheses that are con- 
sistent with the eocyte tree’. 


The origin of eukaryotic cell membranes 


The plasma membranes of Bacteria and eukaryotes predominantly contain 
phospholipids in which fatty acids are covalently bound to sn-glycerol-3- 
phosphate via an ester linkage. By contrast, Archaea—including the few 
TACK Archaea studied so far—predominantly contain phospholipids 
with isoprenoid chains linked to sn-glycerol-1-phosphate via an ether 
bond”*”’. This pattern is most parsimoniously explained on the rooted 
three-domains tree by inferring a switch to using mainly glycerol isopre- 
noid ethers along the archaeal stem, with eukaryotes retaining the ances- 
tral type. This transition may have been driven by a need to maintain 
membrane function at the high temperatures and acidic conditions of the 
habitats occupied by early Archaea”””’. A commonly voiced challenge 
to the eocyte hypothesis—and all archaeal host models for eukaryotic 
origins—is how to explain the reversion of the archaeal-host membrane 
to a bacterial-type plasma membrane. 

In fact, most of the genes needed for the synthesis of both types of lipid 
are common to all three groups, suggesting that neither the transition 
from ester to ether lipids in the common ancestor of Archaea, nor the 
subsequent reversion along the eukaryotic stem, would require radical 
genomic change””®. Archaeal-type ether lipids have been detected in some 
Bacteria and phospholipids based on sn-glycerol-1-phosphate are found 
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in certain endomembrane components of eukaryotes, suggesting that the 
distinctions among contemporary membranes may not be as sharp as 
once thought; there is still much to be discovered about the natural diver- 
sity of lipid membranes”*****. Moreover, recent experiments have indi- 
cated that artificial membranes containing mixtures of bacterial and archaeal 
lipids are stable”, demonstrating the potential for natural mixed-membrane 
intermediate stages. Given these considerations, the reversion to bacterial- 
type membranes in eukaryotes might be explained as part of the same 
process whereby ancestral archaeal pathways were replaced by bacterial 
equivalents to yield the metabolic similarities observed between Bacteria 
and contemporary eukaryotes °°*"*', This transition need not have 
greatly affected membrane function: in the Haloarchaea, which have obtained 
a large number of bacterial genes by HGT, transporters derived from Bacteria 


appear to function normally in the archaeal plasma membrane™. 


Conclusions 


Ancient phylogenies provide a fascinating window into the distant past, 
but are difficult to build and interpret - as evidenced by the first thirty 
years of debate over the tree of life in the era of molecular phylogenetics. 
Evolutionary biologists now have access to more data and better phylo- 
genetic methods than ever before, although there is still much room for 
improvement and many uncertainties remain. These caveats apply equally 
to all attempts to infer ancient relationships, affecting not only the debate 
over whether the three-domains or eocyte tree best depicts the history of 
core eukaryotic genes, but also the placement of the universal root*?!*?" 
and the relationships among major eukaryotic phyla”*'*”'’. The pioneer- 
ing analyses of molecular sequence data led by Carl Woese and his co- 
workers culminated in the three-domains tree recognizing the Archaea, 
Bacteria and Eukaryota as the three primary domains of cellular life. 
Although evidence of widespread HGT means that no single tree can 
depict the history of all genes on prokaryotic and eukaryotic genomes, 
the three-domains tree holds a special place in biology. It appears in most 
textbooks and reviews, where it is often called the ‘universal tree’ and the 
‘tree of life’. But support for the iconic three-domains tree has waned 
with improvements in phylogenetic methods and taxon sampling. Within 
the limits of methods and data, a version of the eocyte tree is now the best- 
supported hypothesis for the origin of the subset of genes that mainly 
function in translation and appear to be most resistant to HGT. The place- 
ment of these genes, and by extension the eukaryotic nuclear lineage, within 
the Archaea is consistent with only two primary lineages and with hypo- 
theses for a symbiogenic origin for eukaryotes involving an archaeon and 
one or more bacterial partners. The eocyte tree, if correct, suggests that 
the TACK Archaea, currently a relatively unexplored group, might con- 
tain additional clues as to the origin of complex eukaryotic structures. It 
also rejects the hypothesis that eukaryotes are a primordial cellular lin- 
eage, leaving only two candidate primary domains, Archaea and Bacteria, 
and it identifies a key piece of the puzzle—the host lineage—in the chi- 
maeric origins of the eukaryotic cell. 
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Ferromagnetism in suspensions of 
magnetic platelets in liquid crystal 


Alenka Mertelj', Darja Lisjak', Miha Drofenik'? & Martin Copi¢)? 


More than four decades ago, Brochard and de Gennes proposed that colloidal suspensions of ferromagnetic particles in 
nematic (directionally ordered) liquid crystals could form macroscopic ferromagnetic phases at room temperature. The 
experimental realization of these predicted phases has hitherto proved elusive, with such systems showing enhanced 
paramagnetism but no spontaneous magnetization in the absence of an external magnetic field. Here we show that 
nanometre-sized ferromagnetic platelets suspended in a nematic liquid crystal can order ferromagnetically on quench- 
ing from the isotropic phase. Cooling in the absence of a magnetic field produces a polydomain sample exhibiting the two 
opposing states of magnetization, oriented parallel to the direction of nematic ordering. Cooling in the presence of a 
magnetic field yields amonodomain sample; magnetization can be switched by domain wall movement on reversal of the 
applied magnetic field. The ferromagnetic properties of this dipolar fluid are due to the interplay of the nematic elastic 
interaction (which depends critically on the shape of the particles) and the magnetic dipolar interaction. This ferro- 
magnetic phase responds to very small magnetic fields and may find use in magneto-optic devices. 


A rich variety of complex self-assembled structures of colloidal part- 
icles in nematic liquid crystals that are the result of nematic-mediated 
anisotropic interaction between the particles is of wide-ranging interest 
for both fundamental science and applications’ *. Nematic liquid crys- 
tals are particularly interesting because of their coupling with external 
electric and magnetic fields. Ferromagnetic ordering in fluids has been 
experimentally observed in only two systems: liquid helium’ and under- 
cooled alloys at temperatures above 1,000 K (ref. 6). But more than 40 
years ago, Brochard and de Gennes suggested that a true fluid ferromag- 
netic phase could appear at room temperature in a colloid of magnetic 
nanoparticles in nematic liquid crystal’. In such a system, orientational 
order of the nematic liquid crystal would impose orientational order on 
the anisotropic magnetic particles and, as in ferrofluids in an external 
magnetic field, magnetic ordering would also appear. Polar nematic 
ordering was first treated theoretically in ref. 8. 

Ferrofluids are stable colloidal dispersions of monodomain magnetic 
nanoparticles in isotropic liquids, and are well known. Monodomain 
nanoparticles act as nanomagnets that begin to align in small magnetic 
fields. The magnetic interaction between the nanoparticles in ferro- 
fluids is tuned so that in the absence of an external magnetic field, the 
average magnetic interaction of randomly oriented magnetic moments 
of particles at contact is smaller than thermal energy kgT, so that the 
particles remain dispersed owing to entropic forces. When an external 
magnetic field is applied, magnetic moments on average orient along 
the external magnetic field. Because oriented magnetic dipoles attract 
head-to-tail, chaining of the particles along the external field occurs, 
leading to the well known increase of viscosity of a ferrofluid”’®. But 
whereas a ferrofluid becomes anisotropic only in an external field, the 
symmetry of the nematic phase of a liquid crystal is uniaxial. Nematic 
liquid crystals are composed of rod-shaped molecules that in the nematic 
phase on average orient along a common direction, called the director, 
that is usually denoted by a unit vector n with inversion symmetry 
n= —n. The orientation direction can be controlled by external electric 
or magnetic fields or by preparation of confining surfaces, which can 
impose a defined orientation. Particles that are suspended in a liquid 


crystal and have a given orientation of n at the surface induce a defor- 
mation of orientation in the surrounding liquid crystal. This elastic 
distortion exerts a force on neighbouring particles at a range up to a few 
micrometres. In addition, defect lines or points can appear around par- 
ticles. This liquid-crystal-mediated interaction can have either dipolar 
nature (when the defect is point-like) or quadrupolar nature (in the 
case of a line defect surrounding the particle) and can be either repul- 
sive or attractive. Polydispersity, different shapes and/or different sur- 
faces of the particles result in complicated structural forces between the 
particles, and only in simple cases have these been evaluated’. 


Magnetic nanoparticles in liquid crystal 


A suspension of ferromagnetic nanoparticles in the isotropic phase of 
a liquid crystal behaves as any other ferrofluid. In the nematic phase, 
however, if the shape of the particles is anisotropic, they adopt a certain 
orientation with respect to the nematic order. For particles that are on 
average either prolate or oblate, nematic order has an effect similar to 
that of an external magnetic field, but with an important difference: 
because of the equality of the n and -n directions, the orientational 
ordering of the particles induced by the nematic phase is not enough 
for macroscopic magnetization to appear. For ferromagnetic ordering, 
a sufficiently strong magnetic interaction between the particles is neces- 
sary, but that causes aggregation, so a nematic-mediated repulsive inter- 
action is needed. A single elongated particle, prepared so that the 
orientation of a nematic director n(r) (where r denotes the position 
vector in the medium) at its surface is parallel to the surface and to 
the particle’s long axis, orients itself with its long axis parallel to mo if 
placed in a nematic of average director orientation mp. The deforma- 
tion of the nematic field is small and the resulting nematic interaction 
is too weak to prevent aggregation. Rod-shaped particles also tend to 
get next to each other, which leads to antiparallel magnetic dipoles. It 
has been shown" that, in a mixture of elongated ferrite particles in 
N-(4-methoxybenzylidene)-4-butylaniline (MBBA), magnetic hyste- 
resis is obtained in a magnetic field of about 1 mT. The sample used in 
ref. 14, however, was spherical, with a diameter of 6 mm, the coercive 
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field depended on sample size, and no attempt was made to charac- 
terize either the orientation of the nematic or—in particular—the 
organization of the particles, that is, whether the particles were aggre- 
gated. In later experiments'*”’, aggregation was avoided by using only 
very diluted stable suspensions of elongated ferromagnetic particles in 
nematic liquid crystals, where the magnetic interaction between the 
particles was negligible and, consequently, in the absence of external 
magnetic field, macroscopic magnetization was not observed. The sus- 
pensions, however, showed paramagnetic behaviour, and in many cases 
the reorientation of the nematic director was observed at magnetic fields 
that were lower than the field needed to reorient pure liquid crystal. 

If, on the other hand, the elongated particle is prepared so that the 
orientation of n(r) at its surface is normal to that surface, then it orients 
itself with its long axis normal to no, and the particle’s long axis can 
rotate in the plane perpendicular to mp. The nematic-mediated inter- 
action is weakly attractive and such that the relative orientation between 
pairs of particles depends on their relative positions, again not stabili- 
zing ferromagnetic order. In the first stable suspension of elongated 
particles treated for perpendicular surface orientation, the particles were 
oriented perpendicularly to the nematic director and the observed effects 
were independent of the direction of the external magnetic field’. The 
application of magnetic field along the director caused reversible floc- 
culation of the particles, which was most likely to have been the result 
of field-induced distortion of nematic orientation that broke the rota- 
tional symmetry of the nematic phase and caused monopolar inter- 
action between the particles”. 


Ferromagnetic order and magnetic domains 


We show now that by using nanometre-sized ferromagnetic platelets 
with surface treatment that favours a perpendicular orientation of the 
nematic director at the particle surface, a stable nematic suspension 
can be produced with macroscopic spontaneous magnetization along 
the nematic director ng. This is the result of subtle interplay of the 
nematic-mediated force and the magnetic interaction between the 
particles. A platelet-shaped particle with planar surfaces treated such 
that n(r) at the surface is normal to the surface plane will orient itself 
with its surface normal parallel to no. Pairs of such particles interact as 
quadrupoles (Fig. 1a). The quadrupolar nematic force between the 
particles gives the strongest attraction when the line joining two part- 
icles makes an angle of about 50° with respect to mp. At this angle, the 
interaction between two magnetic dipoles is small but still such that it 
favours parallel, that is ferromagnetic, ordering of the dipoles (Fig. 1a). 

Preparation of a stable isotropic suspension of magnetic platelets is 
more demanding in comparison with spherical or elongated particles: 
this is due to large polydispersity and the fact that platelets form very 
stable aggregates because of their shape’'. Recently, stable suspensions 
of scandium-doped barium hexaferrite single-crystal nanoplatelets in 
1-butanol have been prepared with a narrower distribution of platelet 
size” (Fig. 1b), and we used these in our experiments. Barium hexa- 
ferrite has high magnetocrystalline anisotropy with a preferred direc- 
tion of the magnetization along the c axis, which is perpendicular to 
the plane of the platelets. The thickness of the platelets is about 5 nm, 
and the distribution of the platelet diameter is approximately log- 
normal, with mean of 70 nm and standard deviation of 38 nm. 

A suspension of magnetic platelets with number concentrations in 
the range 10'*-10'* cm? in liquid crystalline material pentylcyano- 
biphenyl (5CB) in the isotropic phase was used to fill planar glass cells; 
the interior surfaces of the cells imposed homogeneous orientation 
of the director in the plane of the sample. When the cells were slowly 
cooled, we observed many elongated aggregates forming at the nematic— 
isotropic phase boundary. This can be avoided by fast quenching into 
the nematic phase. Depending on platelet concentration, some sparse 
aggregates still remain (Extended Data Figs 1 and 2). Polarizing micro- 
scopy revealed that the nematic director in all samples is well aligned. 
The samples in the nematic phase are stable, and no additional aggre- 
gation occurs after several months and many exposures to external 
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Figure 1 | Magnetic nanoplatelets. a, A schematic presentation of the 
distortion of the director (blue) and magnetic field (orange) around disk-like 
platelets (short, thick horizontal lines) represented side-on. Blue dots indicate 
cross-sections of disclination lines, and red arrows the directions of 
magnetic moments. The average director my and spontaneous magnetization 
M, parallel to it are also shown. b, TEM image of magnetic platelets. 


magnetic fields. When a small external magnetic field is applied, the 
aggregates in slowly cooled cells orient along the field direction while 
the surrounding nematic liquid crystal remains unchanged. The situ- 
ation is completely different in quenched cells, where at a field of appro- 
ximately 5-10 mT, growth of magnetic domains can be observed. Initially 
the domains are quite small, around 5 tm, then they grow up to a size 
of a few hundred micrometres (Extended Data Fig. 3). Further obser- 
vations show that the response of the domains to an external magnetic 
field depends on the sign of the field, that is, the inversion symmetry of 
the nematic phase is broken, which is an indication of the spontaneous 
magnetization. Only two types of domains are observed. When the field 
is applied along the director, switching is observed only in one type of 
domain, while the other type of domain remains unchanged. If the 
direction of the field is reversed, the domains previously unchanged 
switch and those that switched before remain unchanged (Fig. 2b and 
c, Extended Data Fig. 1). If the field is applied in the direction perpen- 
dicular to the director, both types of domains switch and the domain 
walls are clearly visible (Fig. 2d and Extended Data Fig. 1). This behaviour 
shows that the spontaneous magnetization is along the director, and 
that the two types of domain have magnetization in opposite directions. 


Magnetic hysteresis 

Monodomain samples (confirmed to be single domain by polarizing 
microscopy; Extended Data Fig. 2) can be obtained by quenching the 
suspension from the isotropic to the nematic phase in an external 
magnetic field that is parallel to the nematic director. The magnetization 
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Figure 2 | Switching of ferromagnetic domains in an external magnetic field 
as seen by polarizing microscopy. The orientation of polarizer P and analyser 
A for all images is shown in a. a, Image of an ordered suspension of 
nanoplatelets in the absence of an external magnetic field (B= 0). b, c, A 
magnetic field of 3.2 mT is applied along the director (m) in opposite directions. 
d, A magnetic field of 16 mT is applied perpendicular to the nematic director. 
The dark lines are domain walls. Platelet concentration in 5CB is 0.16 wt%. 


curves of such samples were measured using a vibrating-sample mag- 
netometer (LakeShore 7400 Series VSM). From the magnetization curves 
we subtracted the diamagnetic contribution measured in a cell filled 
with pure 5CB, and obtained the magnetization curve belonging to the 
magnetic platelets (Fig. 3). In the absence of the external field, the mag- 
netic moments of all platelets are oriented in the direction of the field 
used during sample preparation, and an external magnetic field applied 
in the same direction does not appreciably change the magnetization of 
the sample. When the field is applied in the opposite direction, magne- 
tization along the director starts to decrease, reverses and then saturates. 
The absolute value of saturated magnetization is, within experimental 
error, the same as the magnetization at zero field, which means that all 
platelets have rotated by 180°. When the magnitude of the external field 
is slowly decreased, the magnetization returns to its initial zero-field 
value. A magnetic hysteresis is observed. At small concentrations the 
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Figure 3 | Magnetization curves of monodomain samples show the 
switching behaviour of magnetic nanoplatelets in ordered nematic 
suspension. Magnetization curves are shown for four different platelet 
concentrations c (key at top left). At lower platelet concentrations, the 
magnetization in zero field returns to its initial value, whereas in the sample 
with concentration 0.3 wt%, the magnetization curve is centred around zero. 
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curves are shifted to negative values of H, whereas for a concentration 
of 0.3 wt% the curve becomes symmetric. 

Observation of switching behaviour under a polarizing microscope 
(Extended Data Fig. 5) also shows that the nematic director is disturbed 
by the magnetic field. A field that is initially dark (the darkness showing 
that the optical axis, which is parallel to n, is well defined) becomes 
brighter as the field is reversed, showing that in the field-reversed state 
nis distorted and cannot completely reverse owing to the orienting tor- 
ques at the cell surfaces. At a higher concentration of magnetic platelets 
in a reversed field of about 10 mT, a system of two white lines crosses 
the optical field, switching it to the dark state (Fig. 4), that is, we get a com- 
plete reversal of the director. Pinning of the director at the cell surfaces 
causes the observed asymmetry of the hysteresis at lower concentra- 
tions. Such optical switching, occurring in a field that is antiparallel 
with the domain orientation, is unlike the usual Fredericks transition, 
which is a quadratic field effect in which the director field changes its 
orientation only when a field larger than a finite critical field is applied 
perpendicularly to n. It also proves that coupling with the field is linear, 
as expected in a ferromagnet. 


Shape matters 

To explain the mechanism that prevents aggregation and produces 
spontaneous magnetization, we note the following. The structure of 
the nematic director field around a single disk-like platelet with strong 
perpendicular anchoring is of quadrupole symmetry with a defect line— 
that is, a disclination line (also called a Saturn ring) around the platelet 
(Fig. 1a). The exact structure of the nematic field depends on the size of 
the particle and the strength of the anchoring. The disclination line 
may not be present for very small platelet sizes, but in any case the 
leading interparticle interaction is quadrupolar. Recent molecular simu- 
lations showed that the Saturn ring can be present even around a sphe- 
rical particle of the size of a few molecular lengths”. Experiments on 
colloidal suspensions of gold platelets of similar dimensions also show 
defects around the rim that are consistent with a Saturn disclination 
line**. Owing to the anchoring, the nanoplatelets in our system orient 
so that their plane is perpendicular to the nematic director mo, and, 
consequently, magnetic moments are parallel to mp. Magnetic inter- 
action is mainly dipolar, favouring particles being vertically in register, 
while the nematic elastic interaction is quadrupolar, favouring an off-axis 


Figure 4 | Time sequence of images showing a complete switching of a 
monodomain sample. Time increases from a to d; time between images is 5 s. 
Images were obtained using polarizing microscopy; P and A in a show 
orientations of polarizer and analyser, respectively, for all panels; also for all 
panels, a field of 8.4 mT is applied parallel to n in the opposite direction to the 
magnetization. Travelling white lines are the surface domain walls, where the 
director rotates by m. The concentration of the platelets in 5CB is 0.3 wt%. 
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arrangement (Fig. la). The competition between forces reduces the 
total force to less than kgT, but still induces ferromagnetic ordering 
by the magnetic interaction. This interplay of magnetic and elastic inter- 
actions works for plate-like particles and not for elongated ones. The 
platelets are also of different diameters, and polydispersity may also 
play a crucial role in the stability of the suspension, as has been shown 
in ferrofluids””*. It has already been shown that molecules with oblate 
shape, with the dipoles along the short axis, enhance the degree of 
field-induced polarization in poled polymers”. 


Coupling of director and magnetization 

Direct magnetic coupling of the nematic liquid crystal with the mag- 
netic field is very weak, because the magnetic anisotropy of 5CB is very 
small, 7, = 1.6 X 10°, where Ya is the difference of magnetic suscept- 
ibility parallel to and perpendicular to n. However, the direction of the 
magnetization is connected with the orientation of the platelets, which 
is (through surface interaction) coupled to the orientation of the director 
n. In the Landau-de Gennes description, the free energy density fof a 
nematic liquid crystal in an external magnetic field that includes the 
lowest order of coupling between the director and magnetization can 
be written as**”’: 


B 1 1 
{MO = MoMA 5 7o("-M)° — 5 zablo(-H) (1) 


(od 
f=hent 5M 4 


where the first term on the right hand side is the usual free energy 
density of nematic phase” fem and the following three terms together 
give the magnetic free energy density: jiy is the vacuum permeability, 
and « and f are the Landau expansion coefficients describing the fer- 
romagnetic transition. The last two terms describe the coupling of the 
nematic order with magnetization and external magnetic field, respect- 
ively. Whereas the direct coupling of n with the external field His weak, 
its coupling with the magnetization M described by the constant y can 
be much larger. 

The behaviour of M with H, and the response to H under the pola- 
rizing microscope, can be explained by noting that the nematic director 
is locked in a given orientation by the orienting surface. So only the 
interior of the sample switches above a critical field while in a surface 
layer the director twists back to the initial orientation. The threshold 
field for the beginning of the reversal of M, is Be=n7)poKMs/ 
(Ki? +y19)M2d’) (Methods, equation (5)), where d is the thickness 
of the sample, M, the spontaneous magnetization and K the elastic 
constant associated with the distortion of n; in our case, B. is around 
1 mT. This gives an estimate for y of ~ 100. The orientation of M, at the 
surface can switch either by breaking of surface anchoring (homoge- 
neously) or by movement of surface domain -walls (that can nucleate 
heterogeneously at sample edges or imperfections) in which the director 
turns by 7. The critical field B, needed to switch the surface orientation 
in the absence of nucleated m-walls can be estimated by noting that at B, 
the magnetic coherence length \/K/yM,B; must be of the order of the 
extrapolation length K/W, where W is the surface anchoring energy. 
This gives B, around 100 mT for typical values of K and W, conside- 
rably more than what is observed, so that m-wall movement dominates 
(Fig. 4, Extended Data Figs 4 and 5). This also explains the observed 
hysteresis loops. For small concentrations, yM, is too small to drive the 
movement of 1-walls so surfaces mostly do not switch and the mag- 
netization curves are shifted to negative H. For higher concentrations, 
yM, is large enough that the surface can switch and the magnetization 
curve is symmetric. With m-wall movement a polydomain sample can 
be transformed to a monodomain one (Extended Data Fig. 4). 

The system can be probed further by dynamic light scattering on 
orientational fluctuations in monodomain samples in external field. 
The well known turbidity of the nematic phase is caused by orienta- 
tional fluctuations of the nematic director, which are the fundamental 
hydrodynamic excitations of director field n. The relaxation rates of 
these excitations depend on the viscoelastic properties of the nematic 
liquid crystal and on external fields. Magnetization adds another degree 
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of freedom coupled to n, so that two types of fluctuations exist—one is 
more nematic-like and the other is more magnetic-like. Both are in 
principle observable by light scattering, but the nematic-like fluctuation 
is more pronounced. Whereas in the usual nematic phase the depend- 
ence of the relaxation rates on the external fields is quadratic, in the case 
of the presence of spontaneous magnetization M, a linear term domi- 
nates, which is again an indication that the inversion symmetry of the 
nematic phase is broken. From the free energy density (equation (1)) 
we can calculate the relaxation rate of fluctuations in the magnetic field 
along the director (Methods, equation (4)). Experimental results are 
shown in Fig. 5. For small H, the relaxation rate depends linearly on the 
external field. At these magnitudes of magnetic field, the relaxation rate 
of pure 5CB does not change measurably. From values of spontaneous 
magnetization obtained from Fig. 3 and from the known K of 5CB, we 
can again estimate the coupling constant y ~ 50-150, in accordance 
with the value obtained from magnetization curves. 


Conclusion and outlook 


We have demonstrated the existence of a ferromagnetic nematic col- 
loidal suspension that was theoretically predicted long ago but not until 
now experimentally obtained. The system has the standard properties 
of a ferromagnet: monodomain samples can be prepared by cooling in 
an external field, and the system shows hysteretic behaviour, magneti- 
zation reversal in a flipped external field, and domain walls and domain- 
wall motion. It is an intriguing liquid that possesses two order parameters 
nand M and can therefore be considered a new class of multiferroic 
material. Ferromagnetic ordering is made possible by the shape of the 
magnetic nanoparticles that have the form of thin platelets. The quad- 
rupolar nature of the nematic elasticity-mediated interaction prevents 
particle aggregation and causes the magnetic dipolar interaction to 
favour ferromagnetic ordering. The new phase switches at very small 
magnetic fields and may lead to new magneto-optic devices. Magne- 
tization of the particles is a new degree of freedom that is coupled to 
the nematic order, which could lead to new effects—for example, oscil- 
lating director relaxation and field-dependent viscoelastic properties”. 
Incorporating the particles in other liquid crystal phases with chiral or 
smectic order would open up a new field of research, that of magnetic 
phenomena in complex fluids. 
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Figure 5 | Dependence of the relaxation rate of director orientational 
fluctuations on external magnetic field in samples with different 
concentration of magnetic nanoplatelets. Main panel, data for four different 
concentrations of platelets are shown (see key): t 1, relaxation rate. Inset, plot 
of k versus concentration of platelets (here k is the slope of t' versus uoH). 
The given concentrations include all platelets, both well dispersed and 
aggregated, so the actual concentration of dispersed platelets is smaller than 
shown. Error bars, 1o uncertainty of the least-squares fits. 
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METHODS SUMMARY 


Barium hexaferrite nanoplatelets with the nominal composition BaFe; 5Sco. 5019 
were hydrothermally synthesized at 240 °C (ref. 22). The nanoplatelets were dis- 
persed in 1-butanol using dodecylbenzenesulphonic acid as a surfactant’. The 
thickness of the synthesized magnetic platelets is about 5 nm; the distribution of 
the platelets’ diameter is approximately log-normal, with a mean of 70 nm and a 
standard deviation of 38 nm. Saturated mass magnetization of the platelets mea- 
sured in the dried suspension was 32 Am*kg ', so the magnetic moment of an 
average platelet is 3X 10 '* Am’. 

A suspension of 0.6 wt% magnetic platelets in 1-butanol was mixed with liquid 
crystalline material pentylcyanobiphenyl (5CB, Nematel) in the isotropic phase in 
different volume ratios. The mixture was kept in the isotropic phase at 50 °C for 
24h to evaporate 1-butanol. The final concentration of platelets in 5CB ranged 
from 0.06 wt% to 0.6 wt%. Suspensions, still in the isotropic phase, were used to fill 
planar glass cells, with surfaces imposing parallel orientation of the director (Instec, 
Inc.). The thickness of the cells was 20.4 tm. The cells were then quenched to give 
nematic phase. Quenching is necessary because in the samples that were slowly 
cooled into nematic phase, aggregation of platelets at the nematic-isotropic phase 
boundary appeared. In samples with a high concentration of platelets many aggre- 
gates were visible, however, the surrounding liquid crystal showed strong response 
to the external field (Extended Data Figs 1 and 2). The number and size of the 
aggregates decrease with decreasing concentration. At concentrations lower than 
about 0.06 wt%, the response of the sample to an external magnetic field is weak 
and inhomogeneous. The nematic-isotropic phase transition temperature of the 
suspensions is within experimental error (0.1 K) the same as for pure 5CB. Slow 
heating of the suspensions to give the isotropic phase again causes aggregation of 
the platelets at the nematic—isotropic boundary. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Ultrafast endocytosis at mouse 
hippocampal synapses 


Shigeki Watanabe’, Benjamin R. Rost*+*, Marcial Camacho-Pérez**, M. Wayne Davis!, Berit Sohl-Kielezynski?, 


Christian Rosenmund? & Erik M. Jorgensen! 


To sustain neurotransmission, synaptic vesicles and their associated proteins must be recycled locally at synapses. 
Synaptic vesicles are thought to be regenerated approximately 20s after fusion by the assembly of clathrin scaffolds 
or in approximately 1s by the reversal of fusion pores via ‘kiss-and-run’ endocytosis. Here we use optogenetics to stimu- 
late cultured hippocampal neurons with a single stimulus, rapidly freeze them after fixed intervals and examine the 
ultrastructure using electron microscopy— ‘flash-and-freeze’ electron microscopy. Docked vesicles fuse and collapse 
into the membrane within 30 ms of the stimulus. Compensatory endocytosis occurs within 50 to 100 ms at sites flanking 
the active zone. Invagination is blocked by inhibition of actin polymerization, and scission is blocked by inhibiting 
dynamin. Because intact synaptic vesicles are not recovered, this form of recycling is not compatible with kiss-and-run 
endocytosis; moreover, it is 200-fold faster than clathrin- mediated endocytosis. It is likely that ‘ultrafast endocytosis’ is 
specialized to restore the surface area of the membrane rapidly. 


Recycling of synaptic vesicle membrane and proteins is required to keep 
membrane surface area constant and ensure efficient neurotransmis- 
sion during sustained synaptic activity. Classical ultrastructural analysis 
of frog neuromuscular junctions led to two models of endocytosis. A 
slow endocytic pathway that takes place distant from active zones via 
clathrin scaffolds ~20 s after exocytosis was proposed’. A fast mecha- 
nism, now termed kiss-and-run, that retrieves fusing vesicles by rever- 
sing their neck was then suggested”’—a process that takes place within 
1s**. Since then, many studies have focused on understanding the 
molecular mechanisms and the kinetics of endocytosis to distinguish 
these two models. However, conflicting evidence has accumulated over 
the past 40 years. 

The studies on the molecular mechanisms suggest that proteins asso- 
ciated with clathrin play crucial roles in synaptic vesicle endocytosis”®. 
Purified clathrin and its adaptor proteins are sufficient to reconstitute 
vesicles from brain-derived liposomes’. When cleavage by dynamin is 
disrupted, clathrin-coated pits and coated vesicles accumulate at the 
plasma membrane of synapses’®”’. Likewise, reductions of clathrin- 
interacting adaptor proteins’*"®, membrane-curvature proteins'*'* or 
scaffolding proteins'”*! perturb endocytosis at the synapse. On the 
other hand, the recruitment of clathrin triskelia is known to be very 
slow—on a time scale of seconds”, making it difficult to reconcile how 
vesicles can be regenerated when firing rates exceed 100 Hz”. More- 
over, functional vesicles are still regenerated in the absence of clathrin 
or its adaptor proteins’*”*, suggesting that another pathway may be 
operating at synapses. 

The conclusions from studies on kinetics of endocytosis are often 
contradictory, but in some cases suggest that both kiss-and-run and 
clathrin-mediated endocytosis are operational at the synapse. Fluid- 
phase uptake of fluorescent dyes**”* or measurements of open times 
using quantum dots*”’ show two kinetic components: fast (1-2 s) and 
slow (~20 s), although some authors have reported only a single kine- 
tic component”. Dye release of vesicles during exocytosis indicates 
that some dye is retained in the vesicle and suggests the presence of a 


transient fusion pore that opens during kiss-and-run**”*. Capacitance 
measurements from the calyx of Held”, retinal bipolar cells®, and hippo- 
campal mossy fibre boutons” suggest that both fast and slow mecha- 
nisms are probably at work. On the other hand, the measurement of 
protein trafficking using the pH-sensitive fluorescent protein pHluorin 
suggests that endocytosis of vesicle proteins in mammalian central syna- 
pses occurs with a single time constant of 15 s*!”’, similar to the time course 
revealed by ultrastructural analysis of the clathrin-mediated pathway’. 

The classic ultrastructural studies that gave rise to these models have 
certain caveats. For the cold-glutaraldehyde fixations, minutes- to 
hours-long stimulations were applied to dissected frog neuromuscular 
junctions'”. For the freeze-slammer experiments, 4-aminopyridine was 
applied to block potassium channels and prolong release**’. To observe 
synaptic ultrastructure following a single physiological stimulation, we 
developed a device that couples optogenetics and rapid high-pressure 
freezing™. Using this ‘flash-and-freeze’ approach, we found that endo- 
cytosis occurs within 50 ms after stimulation at the edges of active zones 
in the nematode Caenorhabditis elegans™*. Here we applied a brief single 
light stimulus to mouse hippocampal neurons expressing channelrho- 
dopsin and froze them at various time points ranging from 15 ms to 10s 
after stimulation. Morphometry was conducted blind for 200 synapses 
from each time point. We found that endocytosis takes place between 
50 and 100 ms after stimulation at the edge of active zones (Extended 
Data Fig. 1). These results indicate that ultrafast endocytosis mediated 
by actin and dynamin may be the first step in synaptic vesicle recycling 
in mouse hippocampal neurons. 


Docked vesicles fuse in the active zone 


To capture membrane dynamics during neurotransmission, we coupled 
optogenetics with high-pressure freezing of cultured mouse hippocam- 
pal neurons. Primary cultures were infected with lentivirus expressing 
channelrhodopsin-2 (E123T/T159C; hereafter “ChetaTC’)****. On-cell 
electrophysiological recordings performed at 34 °C revealed that a single 
10 ms pulse of blue light elicits at least one action potential with a mean 
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delay of 4.8 + 0.4 ms after light onset in 88% of the infected neurons 
(Fig. la and Extended Data Fig. 2). Some cells (20%, 7/34) fired a second 
action potential within 30 ms of light-on as illustrated in the sample 
trace (Fig. 1a). No action potential was observed in 12% of the cells 
(4/34; Extended Data Fig. 2b). Application of tetrodotoxin blocks light- 
evoked neurotransmitter release (Fig. 1b, upper trace), demonstrating 
that vesicle fusion is triggered by action potentials rather than bya global 
membrane depolarization by channelrhodopsin. Postsynaptic currents 
were observed with a delay of ~6.9 + 0.3 ms after light-on (Fig. 1b), 
and were blocked by NBQX and bicuculline (Fig. 1b, middle trace). In 
paired recordings of isolated ChetaTC positive and negative neurons, 
alternating light or electrical stimulation in the ChetaTC-positive cell 
elicits identical postsynaptic currents, demonstrating that in our condi- 
tions channelrhodopsin is acting solely via action potential generation, 
rather than supplementing calcium in the synaptic bouton (Extended 
Data Fig. 3). 

To capture synaptic structures during neurotransmission, we applied 
a single 10-ms pulse of blue light, froze the cells using a high-pressure 
freezer at defined time points ranging from 15 ms up to 10s after light 
onset, and prepared the samples for electron microscopy (Extended Data 
Fig. 2d, see Methods). To enhance release probability, the external solu- 
tion contained 4 mM calcium. Omega figures of fusing vesicles were only 
rarely observed in unstimulated synapses (1% profiles with no stimu- 
lation, Fig. 1f), whereas they were found in 20% of synaptic profiles 
15 ms after light onset (~10 ms after the initiation of an action poten- 
tial). Thus, these structures probably represent fusions occurring during 
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Figure 1 | Channelrhodopsin activation induces action-potential-driven 
vesicle fusion. a, Cell-attached voltage clamp recordings of light-evoked action 
potentials. The histogram shows the average number of action potentials (AP) 
at different time points after the light application. Each column is binned by 
10 ms. b, Sample trace of light-evoked postsynaptic currents. Arrows indicate 
freezing times at 15, 30, 50, and 100 ms. c, d, Representative micrographs of 
fusing vesicles at 15 ms (c) and 30 ms (d) after the light onset. e, A micrograph 
showing two exocytic intermediates in the active zone. f, Average number of 
pits in the active zone at different time points after stimulation. g, Diameter of 
synaptic vesicles (41.1 + 0.1 nm; n = 382) and pits in active zones 

(40.9 = 1.2 nm; n = 62; P = 0.7). ***P < 0.0001; *P < 0.006. n.s., 

not significant. Error bars, s.e.m. 
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peak transmission or phasic release (Fig. 1b). Fusions were observed 
within the active zone (Fig. 1c-e), and the diameters of these pits were 
similar to those of synaptic vesicles, and thus each pit represents the 
fusion of a single synaptic vesicle (Fig. 1g). Based on the wide opening 
at their neck (Fig. 1c-e), these pits are likely to be collapsing into the 
membrane, and the omega structures perdure for 20 ms (t = 20.3 ms, 
see Methods). Occasionally, multiple pits were observed in single sec- 
tions (Fig. le), indicating that multi-vesicular release can occur in 
response to a single action potential or tightly spaced action potentials 
(20% of stimulated cells, Fig. la and Extended Data Fig. 2b). In either 
case, the presence of multiple fusing vesicles indicates that the fusion of 
a second vesicle is not blocked by the preceding fusion event. 

We defined docked vesicles as those in direct contact with the mem- 
brane, in addition we scored vesicles with tethers that were within 30 nm 
of the plasma membrane (Fig. 2a). The number of docked vesicles was 
reduced from 1.7 to 1.0 per profile after the stimulus, but the tethered 
pool was largely unaffected (Fig. 2b-d). The docked pool recovered with 
a time constant of 3.8 s (Fig. 2b), which is similar to the time constant 
(4.3 s) for the recovery of the readily releasable pool previously mea- 
sured in mouse hippocampal neurons by electrophysiology*’. These 
data indicate that docked vesicles are likely to be the morphological 
correlates of the physiologically defined readily-releasable pool. 


Endocytosis peaks at 100 ms 


Following exocytosis, endocytic structures appeared adjacent to the 
active zone (Fig. 3 and Fig. 4; Extended Data Fig. 4 for more example 
electron micrographs). Shallow pits (<40 nm), deep pits (>40 nm), and 
fully internalized vesicles (>50 nm) were all observed within 50 ms 
after stimulation and were declining by 300 ms (Fig. 3a-d, i). The number 
of shallow and deep pits increases again at 1s, indicating a possible 
secondary wave of endocytosis. The diameters of these endocytic pits 
and large vesicles are similar (86 + 2.4nm and 82 + 1.2 nm, respec- 
tively), suggesting a precursor—product relationship between these struc- 
tures (Fig. 3h). The surface area of large vesicles is comparable to the 
surface area of about four synaptic vesicles (see membrane calcula- 
tions in Methods). Electron-dense filaments are occasionally visible 
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Figure 2 | Docked vesicles are the morphological correlates of the 
readily-releasable pool. a, A sample micrograph showing docked and tethered 
vesicles. b, Recovery of docked vesicles. The number of docked vesicles is 
normalized to the non-stimulated control (0 ms). The t for recovery was 3.8 s. 
c,d, Average number of synaptic vesicles (SV) docked (c) or tethered (d) in the 
active zone at time points after the stimulus. For detailed numbers and 
statistical analysis, see Supplementary Table 1. ***P < 0.0001; *P < 0.006. 
n.s., not significant. Error bars, s.e.m. 
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Figure 3 | Large invaginations immediately next to the active zone are 
endocytic intermediates. a-d, Representative micrographs showing 
invaginations and large vesicles in the periactive zone at 50 ms (a), 

100 ms (b, c) and 300 ms (d) after stimulation. e-g, Sample micrographs 
showing ferritin uptake into these large endocytic structures at 100 ms after 
stimulation. h, Diameter of large vesicles (82.0 + 1.2 nm; n = 572) and 
endocytic invaginations (86.0 + 2.4nm; n = 51; P = 0.33). i, Number of 
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Figure 4 | Endocytosis is localized to sites flanking the active zone. 

a, b, Tomograms of synapses frozen 50 ms (a) or 100 ms (b) after stimulation. 
Left, a virtual 2 nm section from the tomograms. Middle, orthogonal views of 
the reconstructed volumes. Right, tilted views of the reconstructed volumes. 
The postsynaptic density is coloured red to delineate the extent of the active 
zone. Black and white arrows indicate fusing vesicles and endocytic pits, 
respectively. Arrows outlined in red indicate the plane of the image shown in 
the left panels. c, Number of shallow pits, deep pits and large vesicles in the 
periactive zone at different time points after stimulation. d, Diameter of large 
vesicles (78.0 + 3.3 nm; n = 6) and endocytic invaginations (76.3 + 1.9nm; 
n= 15; P= 0.56). e, Distribution of pits relative to the edge of active zone. 
For detailed numbers and statistical analysis, see Supplementary Table 1. 

n.s., not significant. Error bars, s.e.m. 
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shallow pits (<40 nm), deep pits (>40 nm), and large vesicles (LV; <50nm 
from plasma membrane) in the periactive zone at different time points after 
stimulation. j, Number of shallow pits, deep pits and large vesicles in the 
periactive zone at different time points after stimulation in Muncl3 DKO. 
For detailed numbers and statistical analysis, see Supplementary Table 1. 
n.s., not significant. Error bars, s.e.m. 


around these endocytic structures (Extended Data Fig. 4j, k), but they 
differ from classical coats (Extended Data Fig. 4m-p). 

To confirm the spatial relationship of exocytic and endocytic sites, 
we performed electron tomography on 200-nm thick sections at 50 ms 
and 100 ms after stimulation (Fig. 4). Fusing vesicles, defined by their 
diameter, were rare and were not observed in the 100-ms tomograms 
(Fig. 4a). Endocytic invaginations were outside the active zone and 
were often observed flanking the active zone (Fig. 4b, e). The number 
of shallow invaginations declines at 100 ms and is associated with an 
increase in the number of deep pits and large vesicles (Fig. 4c) similar to 
the 40-nm sections (Fig. 3i). The diameters of pits (76.3 + 1.9 nm) and 
large vesicles (78.0 + 3.3 nm) are similar, again suggesting a precursor- 
product relationship (Fig. 4d). 

One potential interpretation of these data is that synaptic vesicles 
first undergo homotypic compound fusion to generate a large vesicle*”, 
and then fuse to the plasma membrane. To exclude such a possibility 
we used ferritin as a fluid phase marker to label endocytic structures. 
Cationized ferritin binds to negative charges on the plasma membrane 
and becomes internalized by endocytosis. Ferritin-positive synaptic 
vesicles were only rarely observed in the absence of stimulation (Extended 
Data Fig. 5a; control no stimulation, see Methods). Cells were stimu- 
lated with a single light pulse and frozen 100 ms later. After stimula- 
tion, ferritin was found in invaginations (22% of the synapses) and large 
vesicles (16% of the synapses; Fig. 3e-g and Extended Data Fig. 5c-e 
for more example micrographs). The frequencies of endocytic struc- 
tures were similar to matched controls with no ferritin, thus ferritin 
itself did not affect ultrafast endocytosis (Extended Data Fig. 5f, g). The 
presence of ferritin in large vesicles but not synaptic vesicles (Extended 
Data Fig. 5b) indicates that these large structures are due to endocy- 
tosis rather than compound fusion, and further indicates that synaptic 
vesicles are not being regenerated directly from the membrane on this 
time scale. 
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Ultrafast endocytosis scales with exocytosis 


Some data suggest that calcium influx may be able to stimulate endo- 
cytosis without vesicle fusion”. To test if calcium influx alone can sti- 
mulate ultrafast endocytosis, we repeated the experiment in cultured 
neurons from Munc13-1 Muncl13-2 double mutants (Munc13-1/2 DKO), 
which should still experience calcium influx but lack synaptic vesicle 
exocytosis at hippocampal synapses**’. We applied a single light pulse 
to Munc13-1/2 DKO hippocampal neurons expressing ChetaTC and 
froze the sample at 0 ms, 30 ms and 100 ms. The number of docked vesi- 
cles was significantly reduced as previously observed**”, and no exocytic 
omega structures were observed. Endocytic structures were completely 
absent in Munc13-1/2 DKO cells (Fig. 3j). Thus, ultrafast endocytosis 
requires the addition of membrane to the surface via exocytosis and is 
not solely driven by calcium. 

Nevertheless, increasing calcium is known to accelerate endocytosis 
during synaptic activity”. In our experiments we used 4mM calcium 
to increase release probability; it is possible that ultrafast endocytosis 
depends on elevated intracellular calcium. We therefore repeated the 
experiments using 2mM calcium in the external solution (Extended 
Data Fig. 6). At least one action potential during the light pulse was 
observed in 73% of cells (11/15; Extended Data Fig. 6a, b). Endocytic 
intermediates were captured at the lateral edge of active zone 100 ms 
after stimulation (Extended Data Fig. 6c-e). The number of exocytic 
events and endocytic events was lower than the number observed with 
4 mM calcium (Extended Data Fig. 6f, g). However, the kinetics of endo- 
cytosis were not altered. These results indicate that ultrafast endocytosis 
occurs under physiological conditions, but scales with the amount of 
membrane added by exocytosis. 

To determine if ultrafast endocytosis can fully compensate for mem- 
brane added during exocytosis, we compared the surface area added by 
exocytosis to that removed by endocytosis (see Methods). The number 
of fused vesicles was determined by comparing docked vesicles at the 
Oms and 15 ms time points. We calculated that 3,700 nm” of mem- 
brane was added to the surface per each profile. The amount of mem- 
brane endocytosed at 100 ms was 3,150 nm”. In short, we observe that 
0.7 synaptic vesicles fuse per profile and 0.6 vesicle equivalents are 
recovered per profile. These data indicate that a majority of the mem- 
brane added by full-collapse fusion after a single stimulus is retrieved 
by ultrafast endocytosis. 


Actin and dynamin mediate endocytosis 


Some forms of endocytosis, either clathrin-dependent or -independent, 
are mediated by actin“. To investigate the role of actin polymerization 
in ultrafast endocytosis, we applied latrunculin-A (Fig. 5), which disrupts 
polymerization of actin*. Application of 0.1% dimethylsulphoxide 
(DMSO) or 10 1M latrunculin-A for 1 min did not affect evoked neuro- 
transmission (Fig. 5d and Extended Data Fig. 7a, b). Hippocampal 
neurons treated with either latrunculin-A or DMSO for 30s were 
frozen 100 ms after light stimulation (Fig. 5a, b and Extended Data 
Fig. 7c-h for more representative micrographs). The DMSO-treated 
neurons showed normal endocytosis (Fig. 5b, e). No endocytic struc- 
tures were observed in the latrunculin-A treated cells (Fig. 5a, e), indi- 
cating that polymerized actin is required for ultrafast endocytosis. 
Cleavage of budded vesicles from the plasma membrane is associated 
with the GTPase dynamin’*”’. Dynasore is a small molecule that inter- 
feres with the GTPase activity of dynamin and blocks the cleavage of 
membrane necks**, but may also affect the actin cytoskeleton”. We 
applied 80 uM dynasore for 30s before freezing. Unstimulated neu- 
rons treated with dynasore did not accumulate pits, indicating that 
spontaneous activity does not contribute substantially to trapped endo- 
cytic intermediates (Fig. 5f; 0.1 pits or large vesicles per profile in both 
treated and control). In cultures stimulated by a single pulse of light and 
frozen 100 ms later, dynasore treatment did not increase the total number 
of endocytic structures, indicating that dynasore did not increase exo- 
cytosis and thereby indirectly increase endocytic structures (Fig. 5f; 0.4 
endocytic structures per profile in treated and control). However, the 
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Figure 5 | Ultrafast endocytosis is mediated by actin and dynamin. 

a, b, Representative micrographs showing 10 uM latrunculin-A (a) and 0.1% 
DMSO (b) 100 ms after light stimulation. c, A representative micrograph 
showing 80 1M dynasore-treated cells 1 s after light stimulation. d, Traces of 
average postsynaptic currents in the absence of drugs, during the DMSO 
application, and during the latrunculin-A application. e, Average number of 
exocytic pits (blue) and endocytic pits (orange) in the latrunculin-A- or 
DMSO-treated cells. f, Number of shallow pits, deep pits and large vesicles 
associated with the membrane (<5 nm) and large vesicles associated with the 
active zone (6-50 nm of the membrane). Controls are from the samples in 
Fig. 3. For detailed numbers and statistical analysis, see Supplementary Table 1. 
***P < 0.0001. n.s., not significant. Error bars, s.e.m. 


fraction of structures remaining as large vesicles trapped close to the 
membrane increased (Fig. 5f; control: 0.09 large vesicles per profile, 
treated: 0.16 large vesicles). By 1 s after stimulation, the endocytic struc- 
tures had progressed to large vesicles, but remained associated with the 
membrane in dynasore-treated samples (control: 0.06 large vesicles, 
treated: 0.22 large vesicles; Fig. 5c, f and Extended Data Fig. 8a—c for 
more micrographs). Necks were only visible in 18% of the trapped large 
vesicles (10/57), possibly due to the thickness of the sections (40 nm). 
Electron tomography revealed that the large vesicles were still attached 
to the membrane (Extended Data Fig. 8d-f), indicating that these large 
vesicles are trapped on the surface. Together, these results indicate that 
endocytosis in hippocampal neurons occurs within 100 ms lateral to 
the active zone, and is mediated by actin polymerization and dynamin. 


Discussion 


It is widely agreed that after high-frequency stimulation, membranes 
and proteins are retrieved by clathrin’**. The best estimates for the speed 
of clathrin-mediated endocytosis at the synapse come from vesicle 
proteins tagged with pHluorin. Synaptic vesicle proteins freshly added 
to the surface after a single action potential are recycled with a time 
constant of about 15-20 s*!*. In addition, a fraction of vesicle proteins 
already reside on the plasma membrane and are only endocytosed 
after stimulation”. This readily retrievable pool of proteins is also inter- 
nalized with a time constant of about 20 s after stimulation”. Endocytosis 
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of synaptic vesicle proteins requires clathrin and clathrin adaptors and 
is probably specialized to bind and recover synaptic vesicle proteins 
lost to the plasma membrane”. These rates are slow compared to ultra- 
fast endocytosis, which is 200 times faster, but the assembly kinetics of 
clathrin are known to be slow”. It is too premature to eliminate a role 
for clathrin in ultrafast endocytosis; the absence of distinctive clathrin 
coats does not exclude a role for clathrin in ultrafast endocytosis. 

There is a large body of evidence for a fast pathway attributed to kiss- 
and-run endocytosis*”*”®. Ultrafast endocytosis is not kiss-and-run 
because of three characteristics: first, the vesicle fusions we observe have 
broad openings, suggesting they are collapsing into the membrane. 
Second, ultrafast endocytosis takes place at the lateral edge of the active 
zone, rather than in the middle of the active zone where fusion takes 
place. Third, the surface area of the invaginations is equivalent to four 
synaptic vesicles rather than one vesicle. It is unlikely that these large 
vesicles represent the recovery of intact synaptic vesicles. 

Nevertheless, kiss-and-run events should be captured in our pre- 
paration, because they are thought to be more abundant during low- 
frequency stimulation’, and the pore is estimated to last approximately 
1-2 s°. Thus kiss-and-run vesicles should be visible in the preparation 
at all time points between 15 ms and 1 s. However, the pore is estimated 
to be only 1-2 nm in diameter». Although such a pore has been observed 
previously by electron microscopy~*, such small structures would be 
difficult to observe routinely in 40-nm thick sections. We cannot exclude 
the possibility of kiss-and-run figures in our micrographs. However, it is 
unlikely that kiss-and-run constitutes a significant fraction of endocytic 
events in our preparation: presumably kiss-and-run vesicles would 
become undocked after stimulation, and our calculations of mem- 
brane surface area suggest that ultrafast endocytosis can account for 
most docked vesicles lost to fusion after a single stimulus. 

Ultrafast endocytosis is likely to be an evolutionarily conserved pro- 
cess. At the frog neuromuscular junction, depressions adjacent to the 
active zone were observed in freeze-fracture studies 1 s after stimulation”’; 
these depressions were interpreted as a potentially fast form of endo- 
cytosis. Capacitance measures in retinal bipolar cells indicate that a 
fast form of endocytosis (t = 1 s) is clathrin-independent®. Ultrastruc- 
tural studies at C. elegans neuromuscular junctions indicate that endo- 
cytosis can be as fast as 50 ms following a single stimulus and also 
occurs at the lateral edges of the active zone**. The data presented here 
suggest that ultrafast endocytosis almost instantaneously compensates 
for membrane added to the plasma membrane. The rapid communi- 
cation between fusion in the active zone and the endocytic sites at the 
lateral edges is probably mediated by a relaxation in membrane tension. 
The intriguing unknown is how membrane tension could be coupled to 
the endocytic machinery. 


METHODS SUMMARY 


Mouse hippocampal neurons were cultured on astrocyte feeder layers in mass cul- 
tures. Cells were infected using lentivirus expressing channelrhodopsin-2 (E123T/ 
T159C). Experiments were performed after 13-15 days in culture. Action poten- 
tials were recorded in the cell-attached voltage clamp configuration after a single 
10-ms light stimulus in 34°C HEPES-buffered solution containing 4mM Ca**, 
1mM Mg’*, 3M NBQX and 30 LM bicuculline. 

For measuring synaptic delay and effects of latrunculin-A, we infected 20% of 
cells with mKate and 80% of cells with ChetaTC, co-cultured the infected cells, and 
patched mKate-positive cells that lacked photocurrents. Whole-cell patch clamp 
recordings were conducted at 34°C in the absence of NBQX or bicuculline. 

For electron microscopy, neurons were grown on 6-mm sapphire disks. The 
neurons were transferred into the same extracellular solutions ~30 s before free- 
zing. A single 10-ms light pulse was applied at defined time points before high- 
pressure freezing. Following freeze-substitution, en bloc staining with uranyl acetate 
and plastic embedding, serial 40-nm sections were collected. The samples were 
blinded before imaging and analysis. Approximately 200 synaptic profiles were 
randomly chosen from each time point and analysed blind. 

For electron tomography, 200-nm thick sections were collected. Tilt series 
of + 65° were acquired, and tomograms generated using IMOD. Membranes were 
segmented using Amira or TrakEM2. 
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For ferritin uptake experiments, cells were immersed in solution containing 
0.25 mg ml! ferritin for 5 min in reduced external calcium solution (1 mM) to 
suppress spontaneous activity. For latrunculin-A and dynasore experiments, we 
applied a solution containing 101M latrunculin or 801M dynasore or 0.1% 
DMSO 30s before stimulation and freezing. 

For a complete description of statistical tests, see Supplementary Table 1. For 
detailed description of methods and membrane calculations, see Methods. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Targeting Plasmodium PI(4)K to 
eliminate malaria 
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Achieving the goal of malaria elimination will depend on targeting Plasmodium pathways essential across all life stages. 
Here we identify a lipid kinase, phosphatidylinositol-4-OH kinase (PI(4)K), as the target of imidazopyrazines, a new 
antimalarial compound class that inhibits the intracellular development of multiple Plasmodium species at each stage of 
infection in the vertebrate host. Imidazopyrazines demonstrate potent preventive, therapeutic, and transmission-blocking 
activity in rodent malaria models, are active against blood-stage field isolates of the major human pathogens P. falciparum 
and P. vivax, and inhibit liver-stage hypnozoites in the simian parasite P. cynomolgi. We show that imidazopyrazines exert 
their effect through inhibitory interaction with the ATP-binding pocket of PI(4)K, altering the intracellular distribution of 
phosphatidylinositol-4-phosphate. Collectively, our data define PI(4)K as a key Plasmodium vulnerability, opening up 
new avenues of target-based discovery to identify drugs with an ideal activity profile for the prevention, treatment and 


elimination of malaria. 


To eliminate malaria, broadly acting medicines must be developed that 
cure the symptomatic asexual blood stage, clear the preceding liver- 
stage infection that can cause relapses and block parasite transmission 
to mosquitoes’. Relapse prevention is especially important for P. vivax, 
which forms intra-hepatic hypnozoites that can persist for years before 
reinitiating development and triggering blood-stage infection. Primaquine 
is the only licensed antimalarial capable of eliminating the hypnozoite 
reservoir and delivering a radical cure. However, side effects and weak 
activity against blood stages preclude widespread use of primaquine’. 
Because the target of primaquine and mechanism of action are not known, 
the search for radical cure drugs has been limited to related analogues, such 
as tafenoquine’. There is a clear need for druggable and chemically vali- 
dated targets that are essential in all life-cycle stages of the malaria parasite. 
Here we report that a parasite PI(4)K type III beta (PI(4)KIIIp), a 
ubiquitous eukaryotic enzyme that phosphorylates lipids to regulate intra- 
cellular signalling and trafficking, is inhibited by imidazopyrazines. In 
blood stages, imidazopyrazines block a late step in parasite development 
by disrupting plasma membrane ingression around developing daughter 
merozoites. This probably stems from altered phosphatidylinositol-4- 
phosphate (PI(4)P) pools and disrupted Rab11A-mediated membrane 
trafficking. To our knowledge, these findings are the first validation of 
a drug target that is required across all Plasmodium life-cycle stages. 


Imidazopyrazines target several life stages 


A cell-based screen against P. falciparum asexual blood-stage parasites* 
revealed a new class of antimalarials with an imidazopyrazine core 


(Fig. 1a). This compound was distinct from known antimalarials and 
was active against several drug-resistant strains (half-maximum inhibitory 
concentration (IC;9) 27-70 nM; Extended Data Table 1 and Extended 
Data Fig. 1a), suggesting a new mechanism of action. Synthetic deri- 
vatives with potency and pharmacokinetic properties suitable for test- 
ing in animal models were designed and showed activity in vivo (data 
shown for KDU691; Extended Data Table 2 and Extended Data Fig. 1b). 

Weevaluated imidazopyrazines (Fig. 1a) against all parasite life-cycle 
stages in the vertebrate host. First, a cell-based assay showed potent 
inhibition of liver-stage development of the rodent parasite, P. yoelii, 
with ICs values less than 160 nM and as low as 9nM (Fig. 1b) for 
KDU691, KAI407 and KAI715. In vivo, KDU691 administered orally 
at the time of infection prophylactically protected mice from coloniza- 
tion with transgenic P. berghei sporozoites expressing luciferase. Just a 
single dose (7.5 mgkg’ '; Fig. 1c and Extended Data Fig. 1c) prevented 
what would normally bea fatal outcome. To determine whether KDU691 
could eliminate an existing infection, animals were dosed 24, 36 or 48h 
after sporozoite inoculation, well after the onset of liver-stage develop- 
ment (which lasts 48h in P. berghei). This delayed treatment rapidly 
eliminated the luciferase-expressing parasites with a single dose (Fig. 1c). 
KDU691 was also active at low concentrations (ICs9 ~ 196 nM; Fig. 1d) 
against in vitro cultured liver-resident hypnozoites of the simian para- 
site P. cynomolgi’. Collectively, these data demonstrate that KDU691 
is active against liver stages in several Plasmodium species, including 
hypnozoites associated with malaria relapse. To assess imidazopyra- 
zine activity against a human parasite that forms hypnozoites, we tested 
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Figure 1 | Imidazopyrazines demonstrate potent activity 
across Plasmodium species and parasite stages. The 
central schematic illustrates the Plasmodium life cycle in 
mosquitoes and the vertebrate host. Injected sporozoites infect 
the liver, proliferate and emerge into the bloodstream as 
merozoites; in some species hypnozoites may remain dormant 
in the liver. Merozoites undergo several cycles of asexual 
proliferation in RBCs, or at low frequency, differentiate into 
sexual-stage gametocytes. Mature gametocytes ingested by an 
Anopheles mosquito become gametes that mate and form 
oocysts, within which sporozoites develop that migrate to the 
salivary glands. a, Chemical structures of the imidazopyrazine 
analogues KAI407 (R, trifluoromethyl; R’, cyano), KDU691 
(R, methylamide; R’, chloro) and KAI715, and the quinoxaline 
BQR695. b, In vitro activity of imidazopyrazines against liver- 
stage schizonts of P. yoelii. c, In vivo efficacy of KDU69] against 
luciferase-expressing P. berghei. Mice were either untreated (+) 
or given a single oral dose of 7.5 mg kg ' KDU691 before 
sporozoite inoculation (¢ = 0h) or after a liver-stage infection 
was established (t = 24, 36 or 48 h after infection), then 
monitored by bioluminescence (one representative mouse per 
group shown; n = 8). d, In vitro inhibition of P. cynomolgi 
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hypnozoites by imidazopyrazines. e, Ex vivo analysis of 
imidazopyrazine activity against asexual blood stages of 

P. falciparum and P. vivax field isolates, shown as a box plot 
(mean, interquartile range 25—75%, and minimum/maximum 
values). f, KDU691 inhibition of P. falciparum gametocyte 


conversion to female gametes after 24h incubation with 


compound, expressed as the percentage of Pfs25-positive 


female gametes. g, Transmission-blocking effect of KDU691, 
measured by the number of P. falciparum oocysts in A. 
stephensi midguts infected with parasites exposed to 0.1% 
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blood-stage P. vivax field isolates for sensitivity. K.DU691 potency against 
P. vivax (mean ICs9 ~ 69 nM) was comparable to that observed in parallel 
studies conducted with field isolates of the more prevalent human 
pathogen P. falciparum (mean ICs9 ~ 118 nM; Fig. le). 

A small proportion of asexual blood-stage parasites sexually differen- 
tiate into gametocytes that transmit to the mosquito vector. Gametocytes 
are often not killed by drugs that provide symptomatic relief®. We 
sought to determine the transmission-blocking potential by assessing 
compound activity on gametocyte viability and the mosquito-specific 
stages of gamete and oocyst formation. An enriched gametocyte popu- 
lation was treated with either KDU691 or dihydroartemisinin (DHA), 
a licensed antimalarial with gametocytocidal activity’. Both compounds 
reduced gametocyte viability in a dose-dependent manner, with KDU691 
displaying an ICs» value of 220 nM (Extended Data Fig. 1d). Further- 
more, 200 nM KDU691 reduced gamete formation by 60%, comparable 
to that achieved with 1 uM DHA (Fig. 1f). Lastly, we tested compounds 
in the ‘standard membrane feeding assay’ that directly monitors trans- 
mission to the mosquito*. Transmission was completely inhibited at 
1uM KDU691 (Fig. 1g), with dose-dependent suppression of oocyst 
densities (IC59 ~ 316 nM; Extended Data Fig. 1e) and oocyst prevalence 
(that is, the number of infected mosquitoes; ICs9 ~ 370 nM; Extended 
Data Fig. 1f). Altogether, these data indicate that KDU691 is effective 
at blocking transmission, and suggest it targets a conserved function 
throughout the Plasmodium life cycle. 


Inhibition of blood-stage cytokinesis 


Imidazopyrazine-treated parasites accumulated multinucleated schi- 
zonts (Fig. 2a), leading us to test compound effects when administered 
at distinct stages during development in red blood cells (RBCs). Para- 
site reinvasion was markedly inhibited even when KAI407 was added 
late in the intraerythrocytic cycle, up to 44h after invasion (Fig. 2b). 
Conversely, early ring-stage parasites exposed continuously to KAI407 


T 
P. falciparum 


T 
P. vivax 


dimethylsulphoxide (DMSO), 1 uM DHA or 1 uM KDU691. 
ATQ, atovaquone; DHA, dihydroartemisinin; PQ, 
primaquine. Data are mean = s.d. (b, d-g); n = 4 (b, d), 

8 (P. falciparum, e), 6 (P. vivax, e), 2 (f) and 20 (g). 


for up to 40 h followed by drug washout demonstrated no appreciable 
loss of parasite viability (Extended Data Fig. 2a). These data indicate 
that the imidazopyrazine target is most critical at a very late stage in the 
48 h intraerythrocytic cycle. 

We next tested whether drug-treated parasites arrest during matu- 
ration of daughter merozoites or form daughter cells that fail to egress 
from the host cell”"®. Synchronized imidazopyrazine-treated parasites 
were mechanically ruptured, yielding a reinvasion parasitaemia near 
0.01% (Fig. 2c), suggesting a defect in merozoite formation. As a control, 
merozoites that were artificially retained within a mature parasite by treat- 
ment with E-64, a protease inhibitor that blocks egress", and then mech- 
anically released remained viable and capable of reinfecting RBCs, yielding 
2-3% parasitaemia”’” (Fig. 2c). Mock-treated parasites that had been 
allowed to reinvade naturally yielded a parasitaemia of 8-10%. 

To visualize drug-induced cellular defects, we examined a trans- 
genic line expressing green fluorescent protein (GFP)-tagged Pf[ATP4, 
a plasma-membrane protein” that reveals merozoite envelopment 
during biogenesis. Control E-64-treated parasites showed complete 
plasma membrane ingression around each daughter cell (Fig. 2d and 
Extended Data Fig. 2b). By contrast, KAI407-treated parasites showed 
incomplete and disorganized segmentation, lacking merozoites that 
were fully enclosed by membranes with PfATP4—-GFP, suggesting 
perturbation of plasma membrane ingression (Fig. 2d and Extended 
Data Fig. 2c). On the basis of the timing of growth inhibition and the 
observed cellular phenotype, we conclude that imidazopyrazines impair 
cytokinesis by interfering with membrane biogenesis around the deve- 
loping merozoite. 


Plasmodium PI(4)K target identification 


To determine the mechanism of broad antimalarial activity by imida- 
zopyrazines, we next sought to elucidate their target using forward gene- 
tics. We selected imidazopyrazine-resistant blood-stage P. falciparum 
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parasites in vitro using either KAI407 or KAI715. Resistant lines were 
evolved in three independent flasks for each compound, with several 
clones isolated from each flask for ICs, characterization (Fig. 3a). For 
each clone, we identified genomic differences relative to the parent using a 
genome-tiling microarray’’. All five KAI407-resistant clones shared alte- 
rations to a single gene, pfpi4k (PlasmoDB accession PF3D7_0509800; 
PI(4)KIIIB), one of two annotated PI(4)Ks. Type IIIB phosphatidyli- 
nositide kinases (Extended Data Fig. 3a, b) are conserved among euka- 
ryotes and function to convert phosphatidylinositol to PI(4)P. Within 
the cell, PI(4)P regulates effector protein recruitment and lipid-sorting 
events at the Golgi, and is a precursor for the generation of phospha- 
tidylinositol-4,5-bisphosphate at the plasma membrane’*”’. 

Three KAI407-resistant clones possessed copy number variations 
(CNVs) that included pfpi4k (Extended Data Fig. 4a). In the remain- 
ing two clones, a single nucleotide variant (SNV) was detected in the 
second exon of pfpi4k (Extended Data Fig. 4b). Sequencing of pfpi4k 
in these two independently evolved clones revealed an identical non- 
synonymous SNV that led to a His1484Tyr coding change. Removal 
of drug pressure for 3 months resulted in resensitization of one clone 
(KAI407-R3-REV) to KAI407, with a corresponding reversion in pfpi4k 
to the wild-type sequence, supporting a role for this variant in KAI407 
resistance (Fig. 3a). Selections with KAI715 yielded two resistant clones, 
one of which (KAI715-R4) also implicated pfpi4k amplification in resis- 
tance (Extended Data Fig. 4c). The second clone (KAI715-R5) possessed.a 
solitary Asp139Tyr mutation in a second gene product, the small GTPase 
PfRab11A (PF3D7_1320600) (Extended Data Fig. 4d). Notably, PI(4)K 
binds and regulates Rab11A in Drosophila spermatocytes”, consistent 
with a related function in membrane trafficking. 
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Figure 2 | PfPI(4)K is required for the completion of cytokinesis in asexual 
blood-stage schizonts. a, Microscopy of highly synchronized parasites 
continuously treated with ~5 X ICs9 drug (125 nM KAI407, 15 nM KAI715 or 
150nM KDU691) or DMSO vehicle. Representative images from a single 
experimental replicate are shown. Original magnification, x 100. b, Drug-free 
media was supplemented with 125 nM KAI407 in 2-h intervals starting at the 
mid/late trophozoite stage (t = 34h after invasion). Parasitaemia in the next 
life cycle (t = 72 h) was normalized to untreated parasites. c, Percentage 
reinvasion of RBCs after mechanical rupture of schizonts treated with 125 nM 
KAI407, 15 nM KAI715, 150nM KDU691 or 1 1M E-64. d, P(ATP4-GFP was 
used to visualize plasma membrane ingression around developing daughter 
merozoites, with nuclei stained by Hoechst 33342. Representative images from 
a single experimental replicate are shown. Scale bar, 5 jum. Parasites treated 
with 500 nM KAI407 for 4h had a disorganized membrane structure, without 
clearly defined daughter cells. *P < 0.05; **P < 0.01; ***P < 0.001 (Mann- 
Whitney U test). Data are mean + s.d. (b, c); n = 3 (a), 4 (b, c) and 2 (d). 
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Our imidazopyrazine-resistant lines provide compelling evidence for 
PI(4)KIIIB as the plasmodial drug target. Orthologues of PI(4)KIIIpB 
are found in all Plasmodium species and are extensively conserved at 
the amino acid level, including 97% identity in the catalytic domain 
between the P. falciparum and P. vivax orthologues (Extended Data 
Fig. 3b). Conservation with the catalytic region of human PI(4)KIIIB 
is less significant, with only 43% identity. The partial sequence conser- 
vation between the human and Plasmodium orthologues of PI(4) KIB 
(Extended Data Fig. 3b) led us to test whether some inhibitors of the 
human kinase might also exert antimalarial activity. 

Subsequent screening ofa Novartis compound library led us to iden- 
tify BQR695 (Fig. 1a), a quinoxaline that displayed sub-micromolar 
potency against both human PI(4)KIIIB (ICs9 ~ 90 nM; Extended Data 
Table 3) and P. falciparum asexual blood stages (IC59 ~ 71 nM). 
BQR695, which showed no evidence of toxicity against mature RBCs, 
induced a schizont-stage arrest indistinguishable from that observed 
in imidazopyrazine-treated parasites (Extended Data Fig. 2d, e), and 
exhibited cross-resistance with the imidazopyrazine-resistant lines 
(Fig. 3a). These data confirm a shared mechanism of action and of resis- 
tance with the imidazopyrazines. To test this association further, we 
evolved BQR695-resistant parasites. Whole-genome scanning of three 
independently selected lines (BQR695-R) showed two instances of CNVs 
involving pfpi4k (Extended Data Fig. 4e), and a new mutation (Ser1320Leu) 
in pfpi4k (Extended Data Fig. 4f). Sequencing of pfpi4k in the CNV- 
containing lines revealed that BQR695-R7 had at least one pfpi4k copy 
with a Tyr1356Phe coding change, which was associated with a higher 
degree of resistance to BQR695 (Fig. 3a). All three resistance-associated 
SNVs, Ser1320Leu, Tyr1356Phe and His1484Tyr, mapped to the cata- 
lytic domain of PfPI(4)K (Extended Data Fig. 3a, b). Notably, the three 
imidazopyrazines (KAI407, KAI715 and KDU691) and the quinoxa- 
line BQR695 demonstrated comparable cross-resistance against all 
drug-resistant lines (Fig. 3a). Collectively, these data provide compel- 
ling chemical and genetic evidence that PI(4)K is the direct drug target 
of imidazopyrazine and quinoxaline compounds. 


PI(4)K variation confers drug resistance 


To confirm the role of pfpi4k and pfrab11a mutations in resistance, we 
engineered these variants into drug-sensitive parasites. We generated 
recombinant parasites bearing individual pfpi4k SNVs using zinc-finger 
nuclease (ZEN) technology'’. Genome editing was confirmed by direct 
sequencing (Fig. 3b) and whole-genome analysis (>20X coverage 
across 96.4% of the genome; Extended Data Table 4). Genome-edited 
Dd2 parasites containing either the Ser1320Leu or His1484Tyr muta- 
tions were resistant to both imidazopyrazine and quinoxaline compounds 
(Fig. 3c and Extended Data Fig. 5a) and yielded resistance comparable 
to the original drug-evolved lines. By contrast, the Tyr1356Phe muta- 
tion conferred resistance specifically to the quinoxaline BQR695 but 
not to the imidazopyrazines (Fig. 3c). In comparison, the evolved line 
BQR695-R7, which possessed both the Tyr1356Phe mutation as well 
as a CNV, showed resistance to both imidazopyrazine and quinoxaline 
compounds (Fig. 3a). 

Because several resistant lines contained CNV events, we sought to 
determine whether increased copy numbers of wild-type PI(4)K could 
alone mediate protection. We generated a stable parasite line over- 
expressing GFP-tagged PI(4)K (ref. 18). GFP—PI(4)K was diffusely loca- 
lized in trophozoite-stage parasites and enriched at the apical ends of 
developing daughter merozoites (Extended Data Fig. 3c). Expression 
of this additional wild-type copy of PfPI(4)K resulted in decreased 
susceptibility to both imidazopyrazine and quinoxaline compounds, 
confirming that CNVs can contribute to resistance and providing evi- 
dence that the GFP-tagged protein is functional (Fig. 3d). Collectively, 
these data demonstrate that PfPI(4)K can mediate resistance to the 
imidazopyrazines in asexual blood stages through either increased 
copy number or point mutations. 

We next investigated whether PI(4)K variants could confer resist- 
ance in liver-stage parasites. Introduction of a mutation analogous to 
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Figure 3 | Resistance to imidazopyrazine and 
quinoxaline compounds is mediated by gene 
variations in PfPI(4)K and PfRab11A. a, Fold 
change in ICs9 values between 11 drug-evolved 
clones and the drug-sensitive parent, for the 
imidazopyrazines KAI407, KAI715 and KDU691, 
and the quinoxaline BQR695. Statistically 
significant mean IC;o values for each drug-resistant 
line were identified using the Mann-Whitney 
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His1484Tyr into P. berghei (His1477Tyr) conferred a significant ICs 
shift for the imidazopyrazine and quinoxaline compounds against 
in vitro liver-stage parasites (Fig. 3e). Importantly, these data show 
that the mechanism of action for these inhibitors is conserved between 
life-cycle stages. 

We next tested the validity of the Rab11A(Asp139Tyr) variation, which 
conferred a modest, but significant, resistance phenotype (KAI715-R5; 
Fig. 3a). The Asp139T yr SNV lies on the 04 helix of Rab11A, distant from 
the GTP-binding site (Extended Data Fig. 6a, b). GFP-tagged versions of 
both wild-type and Rab11A(Asp139Tyr) showed a predominantly cyto- 
solic localization that became apically punctate in late schizonts (Extended 
Data Fig. 6c, d), consistent with a previous report’’. As expected, the 
Asp139Tyr mutant conferred modest resistance against KAI407 (Fig. 3d). 

If PI(4)K is the cellular target of the imidazopyrazines, then its func- 
tion should be essential in most stages of the Plasmodium life cycle. We 
therefore tested the essentiality of pfpi4k in the asexual blood stages 
by using ZFNs to introduce a stop codon at position Tyr 1356, which 
lies within the catalytic site of the kinase domain (see Fig. 4a, b). This 
Tyr 1356 stop-editing experiment was attempted in three independent 
transfections. Unlike the Tyr1356Phe mutation, which was readily iso- 
lated in ~18% of clones, two transfection reactions produced 0 out of 
35 clones with a stop codon. From a third transfection, one clone yielded 
a duplication on chromosome 5 that partially encompassed pfpi4k 
and placed the edited stop codon within a truncated copy of the gene 
(Extended Data Fig. 5b, c). These data strongly indicate that gene edit- 
ing could not be achieved without a duplication event that preserved one 
copy of the gene, confirming pfpi4k essentiality to blood-stage growth. 


Biochemical validation of PfPI(4)K 


We performed in silico modelling on a PfPI(4)K homology model 
based on related phosphatidylinositol-3-OH kinases (Fig. 4a), finding 
that both KAI407 and BQR695 were accommodated in the ATP-binding 
pocket. The nitrogen at position 1 of the imidazole ring of KAI407 is 
predicted to make a crucial hydrogen bond contact with the main-chain 
amide from Val 1357 that lies adjacent to the Tyr1356Phe mutation 


values of P. berghei in vitro liver-stage schizonts 
expressing PbP1(4)K(His1477Tyr) (equivalent to 
PfPI(4)K(His1484Tyr)). Data are mean + s.d. 

(a, c-e); n = 8 (a), 12 (c), 6 (d) and 12 (e). 


PbPI(4)K(H1477Y) 


(Fig. 4b). This ‘hinge-binding’ contact is common among protein kinase 
inhibitors, and mimics the hydrogen bonds made by the adenine of ATP”. 

To confirm that imidazopyrazines directly inhibit PI(4)K function, 
we expressed full-length recombinant P. vivax PI(4)K (PvPI(4)K). 
KDU691 and BQR695 showed dose-dependent inhibition of PvPI(4)K 
activity (Fig. 4c, d), with IC; values of 1.5 and 3.5 nM, respectively, in the 
presence of 10 1M ATP. Furthermore, compound potency decreased 
with increasing concentrations of ATP, indicative of ATP-competitive 
inhibition, providing further evidence that imidazopyrazines and qui- 
noxalines bind to the ATP-binding pocket of parasite PI(4)K. Mutations 
homologous to the PfPI(4)K resistance-conferring variants (Extended 
Data Fig. 3b) generated resistance profiles (Fig. 4e) similar to those 
observed with the respective drug-resistant parasite lines (Fig. 3a, c). 
In contrast to the low nanomolar activity observed against parasite 
PI(4)K, KDU691 and KAI407 did not significantly inhibit any of the 
>40 enzymes in a panel of human kinases, and both were at least 1,000 
times more potent against the parasite enzyme than against any 
human lipid kinase (Extended Data Table 3), demonstrating remark- 
able selectivity. This specificity precludes the possibility that imidazo- 
pyrazine antimalarial activity derives from the inhibition of host kinases. 


Perturbed cellular distribution of PI(4)P 


Finally, we examined the consequences of PfPI(4)K inhibition on intra- 
cellular PI(4)P. Unexpectedly, high-performance liquid chromatography 
(HPLC) analysis of radiolabelled phospholipids did not reveal a decrease 
in total PI(4)P after imidazopyrazine treatment (Extended Data Fig. 3d). 
To determine whether imidazopyrazines might instead change the intra- 
cellular distribution of PI(4)P, we generated a transgenic parasite expressing 
a validated PI(4)P-specific probe, GEP-PH°*™, which consists of GEP 
fused to two tandem PI(4)P-binding pleckstrin homology (PH) domains 
from yeast Osh2 (ref. 21) (Fig. 4f). In yeast, this marker defines two popu- 
lations of PI(4)P—one at the plasma membrane, and one intracellular 
population, with the latter diminished by inhibition of the Golgi-localized 
PI(4)K homologue Pik] (ref. 21). Similarly, in P falciparum, GEP-PHO"” 
localized to intracellular foci, and, to a lesser degree, the parasite plasma 
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Figure 4 | Imidazopyrazines and quinoxalines bind the ATP-binding site of 
PI(4)K and alter PI(4)P intracellular distribution. a, In silico docking of a 
homology model of the PfPI(4)K catalytic domain showing KAI407 (green) and 
BQR695 (orange) binding to the ATP-binding pocket of PfPI(4)K 

(cartoon representation; grey). Resistance mutations (yellow) are labelled. 

b, Zoomed view of the ATP-binding pocket rotated 90° along the y axis, showing 
the predicted hydrogen bond (green dash) between the imidazole nitrogen in 
KAI407 and the amide bond from the Val 1357 backbone (grey sticks). 

c, d, Recombinant full-length P. vivax PI(4)K (PvPI(4)K) activity in the presence 
of KDU691(c) or BQR695 (d), monitored across a range of ATP concentrations 
(1.25-40 |1M). e, Recombinant PvPI(4)K mutants Ser1286Leu, Tyr1322Phe or 
His1450Tyr (equivalent to PfPI(4)K mutants Ser1320Leu, Tyr1356Phe or 
His1484Tyr, respectively) were assayed against imidazopyrazine and quinoxaline 
compounds. Fold change in ICs9 value is shown relative to wild-type enzyme. 
f, Illustration of the PI(4)P-dependent localization of GFP-PH°"?, g, In vivo 
distribution of PI(4)P was detected in parasites expressing GFP-PH°™”. In 
untreated parasites, GEP-PH°: localized to intracellular foci (blue arrow) and 
the plasma membrane (white arrows). Treatment with 500 nM KAI407 or 
BQR695 for 4h depleted the intracellular pool and redistributed the probe to the 
plasma membrane. Representative images from a single experimental replicate 
are shown. Nuclei were stained with Hoechst 33342 (blue); DIC, differential 
interference contrast. Scale bar, 5 um. h, Quantification of intracellular GFP- 
PH°*?_labelled foci after drug treatment. *P < 0.05; **P < 0.01; ***P < 0.001 
(Mann-Whitney U test). Data are mean + s.d. (c-e, h); n = 9 (c-e) and 3 (g, h). 
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membrane (Fig. 4g). Treatment with 0.5 [1M of either KAI407 or BQR695 
caused GEP-PH®” to redistribute to the parasite plasma membrane 
(Fig. 4g, h), consistent with depletion of intracellular PI(4)P after inhi- 
bition of PfPI(4)K function. 
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Figure 5 | Proposed role of PfP1(4)K within asexual blood-stage parasites. 
Model depicting daughter merozoite biogenesis in a late-stage schizont, showing 
plasma membrane (PM) ingression and development of the underlying inner 
membrane complex (IMC). Delivery of post-Golgi secretory vesicles to the 
invaginating plasma membrane requires PfP1(4)K-driven production of 
PI(4)P, which probably recruits lipid-binding effector proteins in a Rab11A- 
dependent process. N, nucleus; PVM, parasitophorous vacuolar membrane. 


Discussion 


Here we report the identification of PI(4)K as an essential and drug- 
gable target of imidazopyrazine and quinoxaline compounds that block 
development at multiple stages of the Plasmodium life cycle, implica- 
ting this phosphatidylinositol kinase as a crucial cellular regulatory 
molecule. PfPI(4)K functionally complements yeast Pik1, an essential 
Golgi-localized PI(4)KIIB (ref. 22). Our data indicate that, like Pik1 
(refs 23-25), PfPI(4)K regulates essential membrane trafficking events, 
with the plasmodial protein required for the late-stage membrane ingres- 
sion that drives completion of the asexual erythrocytic stages. We 
propose that Plasmodium PI(4)K acts at the Golgi to locally generate 
PI(4)P, which in turn recruits effectors that generate transport vesicles 
destined for the ingressing plasma membrane (Fig. 5). One obvious 
candidate effector is Rab11A, which has also been linked to PI(4)K in 
Drosophila and mammalian cells'®*°. Drosophila PI(4)K and Rab11 
act during cytokinesis, regulating membrane delivery to complete cell 
division’®, which mirrors our findings of failed membrane ingression 
after PfP1(4)K inhibition. Rab11A may bind directly to PI(4)K and/or 
PI(4)P, or may instead be recruited indirectly by an intermediate protein. 
In either case, Rab11A probably marks these Golgi-derived vesicles to 
modulate delivery to the target compartment, a role consistent with 
previous findings implicating Plasmodium Rab11A in cytokinesis”. 

Our results provide genetic, chemical and biochemical validation of 
Plasmodium PI(4)K as a target suitable for antimalarial drug discovery. 
Although the imidazopyrazine compounds described here may serve 
primarily as tool compounds, further optimization could lead to clinical 
candidates with desirable drug-like characteristics. Maintaining their 
remarkable selectivity for Plasmodium PI(4)K will be an important 
feature for an ultimate antimalarial drug because chronic PI(4)KIIIB 
inhibition in humans causes immunosuppressive effects”’ that could 
preclude long-term malaria prophylaxis. Because the emergence of 
resistant parasites has diminished the effectiveness of all licensed anti- 
malarial therapies, most of which were introduced as monotherapies, 
clinical candidates will necessarily require combination with mecha- 
nistically distinct drug partner(s) to mitigate the potential for drug 
resistance and to complement the PI(4)K inhibitors’ narrow and late 
stage of action in the asexual blood stage. 

Collectively, our data identify Plasmodium PI(4)K as a new drug target 
that operates in all life-cycle stages of the parasite, and is therefore 
suitable for the development of next-generation antimalarial drugs 
capable of curing, preventing and blocking the transmission of the 
disease. We anticipate that our findings will rapidly yield clinical can- 
didates compatible with single exposure, radical cure and prophylaxis, 
a profile widely heralded as crucial for the success of worldwide mala- 
ria elimination efforts”. 


METHODS SUMMARY 


Imidazopyrazine and quinoxaline activity were demonstrated throughout the verte- 
brate life cycle, with eight specific assays detailed in the Methods: in vitro high- 
content imaging assay against P. yoelii”® and P. cynomolgi exo-erythrocytic forms; 
in vivo causal prophylaxis mouse model, in which parasitaemia was monitored by 
in vivo imaging of the luciferase-expressing P. berghei line”; in vitro asexual-stage 
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activity against P. falciparum, measured using a modified SYBR Green cell proli- 
feration assay’; ex vivo asexual-stage assay against P. vivax and P. falciparum isolates 
collected from Thailand*””’; gametocyte viability assays against P. falciparum NF54 
stage III— V gametocytes measured by a modified Plasmodium lactate dehydrogenase 
assay”; in vitro gametogenesis assay against P. falciparum quantified by flow cytometry”; 
and P. falciparum transmission to Anopheles stephensi mosquitoes in a standard 
membrane feeding assay”. Stage of action studies'* and a merozoite release assay””° 
were used to identify specific arrest of drug-treated asexual parasites in mid-schizogony. 
Anestablished protocol’ was used for in vitro evolution and comparative genomic 
analysis of KAI407-, KAI715- or BQR695-resistant lines. Resistance-conferring 
mutations were validated with ZFN approaches” and standard transfection-based 
methods'”. Genomic DNA libraries generated on an Illumina HiSeq 2000 were 
analysed with PlaTypUS, an internal WGS pipeline. A P. berghei line expressing 
PI(4)K(His1477Tyr) was generated by standard methods”, and resistance was 
quantified against liver-stage parasites”. A homology model of PfPI(4)K was built 
from atomic coordinates for human phosphatidylinositol-3-OH kinase gamma 
(PI(3)Ky; Protein Data Bank accession 3ENE) and used for flexible ligand docking 
studies within Glide (Schrédinger). Full-length PvPI(4)K was expressed in a SF9/ 
baculovirus system and assayed for drug inhibition with the Transcreener ADP 
FP detection kit (BellBrook). PI(4)P pools were detected in asexual stage parasites 
by expression of tandem Osh2 pleckstrin homology domains fused to GFP”’. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Structural mechanism of ligand 
activation in human GABAg receptor 


Yong Geng’, Martin Bush’, Lidia Mosyak', Feng Wang’ & Qing R. Fan? 


Human GABAg (y-aminobutyric acid class B) receptor is a G-protein-coupled receptor central to inhibitory neurotrans- 
mission in the brain. It functions as an obligatory heterodimer of the subunits GBR1 and GBR2. Here we present the crystal 
structures of a heterodimeric complex between the extracellular domains of GBR1 and GBR2 in the apo, agonist-bound 
and antagonist-bound forms. The apo and antagonist-bound structures represent the resting state of the receptor; the 
agonist-bound complex corresponds to the active state. Both subunits adopt an open conformation at rest, and only GBR1 
closes on agonist-induced receptor activation. The agonists and antagonists are anchored in the interdomain crevice of 
GBRI1 by an overlapping set of residues. An antagonist confines GBR1 to the open conformation of the inactive state, 
whereas an agonist induces its domain closure for activation. Our data reveal a unique activation mechanism for GABA, 
receptor that involves the formation of a novel heterodimer interface between subunits. 


GABA is the predominant inhibitory neurotransmitter in the central 
nervous system. Metabotropic GABAg receptor is a G-protein-coupled 
receptor that mediates slow and prolonged synaptic inhibition through 
G;, or G, protein’. Presynaptic GABAsg receptor suppresses neurotrans- 
mitter release, and postsynaptic GABAg receptor causes hyperpolariza- 
tion of neurons’”. Malfunction of GABAg receptor can lead to various 
neurological disorders, including spasticity and epilepsy’ *. Baclofen, a 
selective GABAx agonist, is used clinically to treat muscle spasticity asso- 
ciated with multiple sclerosis, cerebral palsy and spinal cord injury’~. 

GABAs receptor belongs to the distinct class-C family of G-protein- 
coupled receptors’. Ligand binding to these receptors takes place within 
a large extracellular Venus flytrap (VFT) module that has sequence 
homology to bacterial periplasmic amino-acid-binding proteins*. Unlike 
metabotropic glutamate receptors (mGluRs) and extracellular-calcium- 
sensing receptor, which function as disulphide-tethered homodimers? *, 
GABAg and taste receptors act as heterodimers””"*. 

GABAsg receptor functions as a heterodimeric assembly of the sub- 
units GBR1 and GBR2 (refs 9-12, 14). GBR2 facilitates cell surface expres- 
sion of GBR1 by masking an endoplasmic reticulum retention signal of 
GBRI (refs 17, 18). GBR1 is responsible for ligand recognition through 
its extracellular domain’””°. Although GBR2 does not bind any known 
GABAs ligand’"""', its ectodomain directly interacts with the GBR1 
ectodomain to enhance agonist affinity'®''*°° and is required for 
receptor activation’*”*”’, Finally, the transmembrane domain of GBR2 
is responsible for G-protein coupling””>**?. 

Most of the current knowledge about the structures of class-C 
G-protein-coupled receptors derives from homodimeric mGluRs. The 
ectodomain structures of three mGluR subtypes have been determined 
with and without ligand****. Here we assembled a stable heterodimeric 
complex of the human GBR1 and GBR2 ectodomains, and determined 
its crystal structure in the absence of ligand and in the presence of 
various agonists and antagonists. Together with our mutational data, 
these structures provide insights into the molecular mechanisms of 
receptor heterodimerization, ligand recognition and receptor activation. 


Structures of GABA, heterodimer 


The extracellular VFT module of human GBR1b (GBRI1bypry) and 
GBR2 (GBR2ypr) were co-secreted as a heterodimeric complex from 


insect cells (Supplementary Fig. 1). The GBR1bypr:GBR2ypr hetero- 
dimer binds various agonists and antagonists with the same rank order 
of affinities as the full-length receptor, indicating that it is physiologi- 
cally relevant”. 

We determined the crystal structure of the GBR1bypr:GBR2yrr 
complex in the apo form, when bound to six different antagonists 
(CGP546264n7, CGP46381 anr, CGP35348,n7, SCH5091 lant, (S)- 
2-OH-saclofenany and (R)-phaclofenany) and when bound to two 
different agonists (endogenous ligand GABA and clinical drug (R)- 
baclofen,go) (Supplementary Table 1). Each structure consists of a non- 
covalent heterodimer of GBR1bypy and GBR2y-r7, in which the protomers 
are bound to each other such that they are side by side and facing oppo- 
site directions (Fig. 1 and Supplementary Fig. 2). All of the agonists and 
antagonists bind in the crevice between the LB1 and LB2 domains of 
GBRIbyrr. 

GBRI1bypy and GBR2yrr have similar overall structures, in agree- 
ment with their sequence homology (33% identity) (Supplementary 
Fig. 3). Both subunits have a bi-lobed architecture related to that found 
in mGluRs’, natriuretic peptide receptors**”’, ionotropic glutamate 
receptors**“’ and periplasmic amino-acid-binding proteins*’. However, 
the extracellular domains of GBR1b and GBR2 lack the cysteine-rich 
region found at the carboxy-terminal end of mGluR ectodomains. Each 
GABAg subunit contains two distinct domains, LB1 and LB2. The indi- 
vidual LB1 and LB2 domains of the two subunits are highly correlated 
with each other. 

Despite similarities, the GBR1bypy and GBR2yprz structures have 
different interdomain arrangements, consistent with their disparate 
ligand-binding characteristics (Fig. 2a, b). The ligand-binding sub- 
unit, GBR1bypr, can oscillate between open and closed conforma- 
tions, in which the more compact closed conformation is associated 
with agonist binding. In contrast, the non-ligand-binding subunit, 
GBR2vpr; has nearly identical conformations with and without dimer 
partner GBRl yr. 

In the crystal structure of apo-GBRI1byrr:GBR2yrr, both subunits 
adopt an open conformation when compared with the known struc- 
tures of mGluRs**-* (Supplementary Fig. 4). All six antagonist-bound 
structures closely resemble that of the apo complex, both in the arrange- 
ment of the heterodimer and in the structures of the individual subunits 
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Figure 1 | Crystal structures of the GBR1byp7:GBR2yr7 complex. a, Apo 
structure; b, CGP54626,n7-bound structure; c, (R)-baclofen,go-bound 
structure. Each complex is shown in two views related by a 90° rotation about 
the vertical axis. Front view (left panel) is shown as a ribbon diagram; side 
view (right panel) is presented as a molecular surface. GBR1 bypy and GBR2yrr 
are coloured blue and green, respectively. The observed carbohydrates are 
shown as ball-and-stick models in grey. Disulphide bridges are in magenta. The 
ligands are displayed as space-filling models. 


(Supplementary Fig. 4). The ligand-binding cleft of GBR1bypy stays 
open with each bound antagonist. In addition, GBR2vpr remains wide 
open with an empty interdomain cleft. This open-open configuration 
of the apo and antagonist-bound structures corresponds to the resting 
(or inactive) state of the heterodimeric receptor. 

Agonist binding causes large conformational changes within the heter- 
odimeric complex. First, both the agonists GABA and (R)-baclofenago 
induce domain closure of GBR1byer, as previously predicted” (Fig. 2a). 
When the LB1 domains of apo and agonist-bound GBR1byrr are super- 
imposed, their LB2 domains can be related by a 29° rotation about a 
nearly horizontal interdomain axis. Because the rotational axis has a 
slight vertical offset, this transformation also brings the LB2 domain of 
GBRIbyrr into close contact with the LB2 domain of GBR2yrpr7 to 
form a large heterodimer interface unique to the active state. 

Second, GBR2yrr remains open in the agonist-bound state, consistent 
with our previous prediction that GBR2yrr has a constitutively open 
conformation”®. Nevertheless, the LB2 domain of GBR2yrr undergoes a 
twist motion of 9° around a nearly vertical axis, and moves towards the 
LB2 domain of GBR1byrr to form new heterodimeric contacts (Fig. 2b). 

Finally, the substantial rearrangement of the LB2 domains from the 
apo to the agonist-bound state shortens the distance between the C 
termini of the two subunits from 45 to 32 A (Fig. 2c, dand Supplementary 
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Figure 2 | Agonist-induced conformational changes. a, b, Superposition of 
apo (cyan) and (R)-baclofenago-bound (red) complexes based on the LB1 
domain of GBRI1byrr (a) or GBR2yrr (b). Side view is shown on the right for 
the superimposed GBR1byrr (a) and GBR2yrr (b) subunits. Green line is the 
axis of rotation that relates the LB2 domains of apo and agonist-bound 
GBRIbypr (rotation, y = 29°; screw translation, T, = 0.2 A) (a) and apo and 
agonist-bound GBR2ypr (% = 9°, t, = 0.1 A) (b).¢, d, Surface representation of 
apo (c) and (R)-baclofen,go-bound (d) GBR1bypy:GBR2yrr in front view 
(top) and bottom view (bottom). Distances between C termini of the two 
subunits (yellow in apo structure; pink in (R)-baclofenago-bound structure) 
are marked by dashed lines. 


Fig. 5). This decrease in the separation between membrane-proximal 
LB2 domains may lead to changes in the relative orientation of the 
transmembrane domains. In summary, both agonist-bound GBR1 byrr: 
GBR2y-7 complexes adopt a closed—open structural arrangement, which 
corresponds to the active state of the receptor (Supplementary Fig. 4). 


Common subunit—subunit interactions 


In both the resting and active states, GBR] bypy; and GBR2yrr interact 
through their LB1 domains (Supplementary Figs 6 and 7). In the apo 
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and antagonist-bound structures, the subunit association is exclu- 
sively facilitated by this LB1-LB1 contact. The heterodimer buries 
more than 1,400 A“ of solvent-accessible surface area and has excep- 
tionally high interfacial shape correlation (Supplementary Table 2). 

The LB1-LB1 interaction is mediated by the B and C helices of both 
subunits (Fig. 3a). The heterodimer interface can be divided into three 
regions (Fig. 3b). Site I is located at the centre of the interface, and it is 
flanked, one on either side, by sites II and III. 

Site I consists of a central hydrophobic patch surrounded by hydro- 
gen bonds. The heterodimer contacts within this site are highly con- 
served in all of the GBR1bypy:GBR2ypr structures. In particular, it 
features three deeply buried tyrosine residues (Tyr 113 and Tyr 117 of 
GBRIbypr and Tyr 118 of GBR2yp7) that are critical for heterodimer 
interaction and receptor activation”’. These tyrosine residues partici- 
pate in aromatic stacking interactions, and form interfacial hydrogen 
bonds. Together with the adjacent lysine and tryptophan residues, they 
are responsible for the majority of hydrophobic contacts at the LB1-LB1 
heterodimer interface. 

Interactions at site II are mostly hydrogen bonds, and include a uni- 
versal salt bridge (GBR1bypr-R141:GBR2ypr7-D109) as well as a con- 
served hydrogen bond (GBR1 bypr-E138:GBR2yp7-N110). Site III consists 
predominantly of water-mediated contacts, and is the most variable 
part of the LB1-LB1 interface. 


Agonist-induced heterodimer interface 


Agonist binding induces the formation of an additional heterodimer 
interface between the LB2 domains of the GBR1bypy and GBR2vypr 
subunits (Supplementary Fig. 7). This is consistent with our calorimetry 
measurements showing that GBR2ypr has higher affinity for agonist- 
bound than antagonist-bound GBRIbyrr (ref. 26). The LB2-LB2 inter- 
face buries more than 1,300 A? of solvent-accessible surface area, has 
poor shape complementarity and is dominated by polar interactions 
(Supplementary Table 2). 

The LB2-LB2 interaction is mediated by two strand—loop-helix motifs 
from each LB2 domain (Fig. 3c). Neighbouring strands f and g are part 
of the central B-sheet in LB2, and helices F and G flank the B-sheet. The 
heterodimer contacts consist primarily of hydrogen bonds, some of 
which are mediated by water molecules. The interface can be divided 
into three adjacent areas (Fig. 3d). Sites lV and V each features a large 
cluster of hydrogen bonds, and site VI mostly consists of isolated con- 
tacts. The GBR2vpr residue Asn 213 is located at the intersection of 
sites IV and V, and it bridges the hydrogen-bond networks within these 


Figure 3 | Heterodimer interface. a, Structure of apo-GBRIbypr:GBR2ypr 
with the elements involved in heterodimer formation highlighted by ribbons 
(LB1-LB1: B and C helices). b, Specific contacts at the LB1-LB1 heterodimer 
interface of apo-GBR1bypy:GBR2yepr. The interface area is divided into three 
regions, I, II and III (thin dashed lines). Thick dashed lines indicate hydrogen 
bonds. ¢, Structure of (R)-baclofenygo-GBR1bypr:GBR2vyprr showing the 
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two regions. In addition, a minor LB2-LB1 contact involving helix D of 
GBR2ypr is formed at the edge of site IV. 

To confirm the importance of the LB2-LB2 heterodimer interface 
to receptor activation, we carried out alanine-scanning mutagenesis of 
the interfacial residues. We identified several polar residues from each 
subunit that are critical to agonist-dependent G-protein activity (Sup- 
plementary Fig. 7). These include the GBR1bypr residues Thr 198, 
Glu 201 and Ser 225, and the GBR2vypr residues Asp 204, Gln 206, 
Asn 213 and Ser 233. All of these residues are engaged in multiple inter- 
facial hydrogen bonds at the LB2-LB2 interface. This reliance on hydro- 
philic interactions to form a distinct subunit interface in the active state 
allows the receptor to dissociate readily on returning to its resting state. 
Previous studies have also shown that introduction of a large N-linked 
glycan into the LB2 domain of either GABAg subunit inhibits agonist- 
induced receptor activation”. 


Ligand recognition 
All of the antagonists are derivatives of GABA, and have the general 
structure of a y-amino acid. The receptor—antagonist interactions are 
mediated largely by hydrogen bonds (Fig. 4a, b and Supplementary 
Fig. 8). First, each antagonist is anchored at the crevice of GBR1bypy 
by two sets of hydrogen bonds. The «-acid group at one end forms 
hydrogen bonds with the LB1 residues Ser 130 and Ser 153, and the 
y-amino group at the other end is hydrogen-bonded to His 170 and 
Glu 349. Second, Trp 65 makes van der Waals contacts with all of the 
antagonists. Third, the B-hydroxyl substituent of CGP54626an7 and 
(S)-2-OH-saclofen any makes additional hydrogen bonds with the recep- 
tor that are specific to these antagonists. Finally, all of the antagonists 
except SCH50911anr and (R)-phaclofenany participate in water- 
mediated interaction with Ser 131. These extensive contacts indicate 
that the LB1 domain is primarily responsible for anchoring antagonist. 
In contrast, the interaction between the LB2 domain and bound anta- 
gonist is sparse and varies among the different antagonists (Supplemen- 
tary Fig. 8). Only two antagonists, CGP54626anr and SCH5091 lant; 
directly contact Trp 278 of LB2 through a large y-substituent. Asa result 
of this additional LB2 interaction, both compounds have higher binding 
affinity to GABAg receptor than the other antagonists reported here’. 
This suggests that the LB2 domain has an auxiliary role in antagonist 
recognition, and enhances the potency of selective antagonists. 
GABAg receptor recognizes both the agonists GABA and (R)- 
baclofen,go in essentially the same manner (Fig. 4c, dand Supplemen- 
tary Fig. 9). (R)-baclofen,go is a derivative of GABA, and contains a 
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elements involved in heterodimer formation (LB1-LB1: B and C helices; 
LB2-LB2: F and G helices, f and g strands, and connecting loops). 

d, Specific contacts at the LB2-LB2 heterodimer interface of (R)-baclofenygo- 
GBRI1bypr:GBR2yprr. The interface area is divided into three regions, IV, V and 
VI (thin dashed lines). Thick dashed lines indicate hydrogen bonds. 
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Figure 4 | Ligand recognition by GBRIbyrr. a, c, Molecular surface of 
GBRIbyrr bound to antagonist CGP54626,nr (a) or agonist (R)-baclofenago 
(c). Ligand is displayed as a space-filling model. b, d, Specific contacts between 
GBR byrr (grey) and CGP54626,nr (yellow) (b) or (R)-baclofenaco 

(d), viewed in the direction of the arrow in a (b) or c (d). Mesh represents the 
final 2F, — F. electron density map contoured at 1o. Hydrogen bonds are 
represented by thick dashed lines. e, Comparison of the binding sites of agonist 
GABA and antagonist CGP54626,nr. f, Comparison of the binding sites of 
agonist (R)-baclofen,go and two related antagonists, (S)-2-OH-saclofenanr 
and (R)-phaclofenayr. g, h, Dose-dependent [PH]CGP54626anr binding 

(g) and GABA-stimulated [°S]GTPyS binding (h) in membranes from cells 
expressing wild-type GABA, receptor (GBR1b-wt + GBR2-wt) or the 
combination of GBR2-wt and various GBR1b mutants. c.p.m., counts per 
minute. Data points represent average + s.e.m. of triplicate measurements. 


chlorophenyl substituent at the B-position. Like the antagonists, each 
agonist is secured by two hydrogen-bond networks, one at each end of 
the molecule. Furthermore, a common set of LB1 residues is involved 
in binding the two ends of all of the agonists and antagonists. Unlike 
the antagonists, both agonists also directly contact two key residues of 
the LB2 domain, Tyr 250 and Trp 278. In addition, the two tryptophan 
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residues Trp 65 and Trp 278 make extensive van der Waals contacts 
with both GABA and (R)-baclofenago. Therefore, both the LB1 and 
LB2 domains are required for agonist recognition. 

The binding sites of GABA and (R)-baclofen,go differ in the side- 
chain conformation of the LB2 residue Trp 278 (Supplementary Fig. 9). 
Relative to its orientation in the GABA-bound complex, the indole ring 
of Trp 278 is flipped by ~170° to accommodate the B-chlorophenyl 
substituent of (R)-baclofenggo, which forms aromatic-ring-stacking 
interactions with both Tyr 250 and Trp 278. In contrast, GABA makes 
van der Waals contact with Trp 278 alone through its aliphatic back- 
bone. The conformational adaptability of Trp 278 provides a mecha- 
nism by which the receptor recognizes structurally different ligands 
while maintaining ligand-binding specificity and affinity. 


Agonist action versus antagonist action 


The function of a GABAg agonist is to stabilize the closed confor- 
mation of GBR1byrr, whereas that of an antagonist is to confine the 
GBRI1bypr subunit to the open configuration (Supplementary Fig. 10). 
Agonist-bound GBRI1bypr has a closed cleft; the agonist is buried and 
inaccessible to the bulk solvent. In contrast, antagonist-bound GBRIbyrr 
has an open cleft, and the antagonist is solvent accessible. 

The presence of a bulky substituent in each antagonist inhibits domain 
closure of GBR1 by py. The highly potent antagonist CGP54626 nr con- 
tains an o-cyclohexyl group and a y-dichlorophenyl group. The adverse 
interactions of these moieties with Tyr 250 and Trp 278 would be 
expected to prevent the LB1 and LB2 domains from approaching each 
other (Fig. 4e). Similarly, each of the other antagonists CGP46381 nr, 
CGP35348anr and SCH50911 ,n7 has a bulky substituent at either the 
o-position or the y-position to block GBR1 by 7 domain closure (Sup- 
plementary Figs 8 and 9). Although the antagonists (S)-2-OH-saclofenanr 
and (R)-phaclofenanr are structurally analogous to the agonist (R)- 
baclofen,go, their o-acid motifs assume a tetrahedral coordination geo- 
metry that is incompatible with the active-state conformation of Tyr 250 
(Fig. 4f). Furthermore, the o-substituents push the B-chlorophenyl 
ring towards the y-amino end of each antagonist, thereby generating 
potential steric interactions with Ile 276 and Trp 278 to prevent GBR1 byrr 
domain closure. 

All of the residues at the ligand-binding site are conserved within 
GBR1 sequences across different species (Supplementary Fig. 11). Some 
of the ligand-binding residues, including Ser 130, Gly 151, Ser 153 and 
Glu 349 of GBRIb, have been implicated by previous studies*!*°**. 

The LB] residues are required for both agonist and antagonist recog- 
nition. We found that the Trp65Ala substitution caused substantial 
loss of ligand binding and receptor function (Fig. 4g, h). The His170Ala 
mutation essentially abolished antagonist binding, and lowered the 
maximum agonist-induced [°°S]GTPS binding to half that of wild- 
type level (Fig. 4g, h). These data indicate that both Trp 65 and His 170 
are indispensable for ligand recognition. 

The LB2 residues are essential for agonist binding. First, the Trp278Ala 
mutant retained the ability to bind the antagonist PH]CGP54626,nr, 
although with decreased potency (Fig. 4g). This is consistent with the 
auxiliary role of Trp 278 in antagonist recognition. However, this muta- 
tion is detrimental to receptor activation, because it not only reduced 
the maximum GABA-dependent [*°S]GTP¥S binding, but also increased 
the half-maximum effective concentration (ECs9) of GABA by more 
than 500-fold (Fig. 4h). Second, the Tyr250Ala mutation had no effect 
on antagonist binding, in agreement with our structural observations 
(Fig. 4g). However, it decreased the agonist response, and increased 
the ECs) of GABA by more than 100-fold (Fig. 4h). These data indicate 
that both Tyr 250 and Trp 278 are critical to agonist recognition. 


Implications for receptor activation 

Structural comparison indicates that the concept of major intersubunit 
relocation that holds for the activation of mGluRs cannot be applied to 
GABAg receptor. The extracellular domains of these receptors share a com- 
mon mode of dimerization through their LB1 domains (Supplementary 
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Figure 5 | Constitutive activity of disulphide-tethered GBR1b:GBR2 
heterodimer. a, Position of cysteine mutations (spheres) at the LB2-LB2 
heterodimer interface of (R)-baclofenygo-GBR1bypr:GBR2ypr. 

b, Western-blot analysis of membranes from cells expressing different 
combinations of wild-type (WT) and mutant GABAg receptor subunits 
(GBR1b-Thr198Cys, abbreviated as T198C; GBR2-Gln206Cys, abbreviated as 
Q206C). The samples were assayed in the presence of 10 mM GABA under 
reducing (+DTT) and non-reducing (— DTT) conditions. The double cysteine 


Figs 12 and 13). The resting and active configurations of mGluRs differ 
bya 70° rotation in dimer orientation**~*°. Both closed-open and closed- 
closed conformations have been reported for activated mGluRs****, 
although full activation requires the closure of both protomers”. In 
contrast, the heterodimeric LB1-LB1 interface of GABAg receptor 
undergoes a minor 5° rotation in dimer orientation on agonist bind- 
ing, and the receptor adopts only a closed-open active conformation. 
Our data indicate that activation of GABAg receptor involves the for- 
mation of a novel LB2-LB2 heterodimer interface. 

We carried out disulphide crosslinking studies** to determine the 
physiological relevance of the LB2-LB2 interaction in full-length recep- 
tor. On the basis of the active-state structure of GBR1 bypr:GBR2vrr, 
we introduced cysteine mutations into a residue pair across the LB2- 
LB2 dimer interface (GBR1-Thr198Cys and GBR2-Gln206Cys), which 
had the proximity and geometry required for disulphide formation 
(Fig. 5a). Western-blot analysis indicates that co-expression of wild- 
type GBR1b and GBR2 or the combination of a single cysteine mutant 
with its wild-type partner in mammalian cells produced monomeric 
protein bands in the presence of GABA under both reducing and non- 
reducing conditions (~95 kDa for GBR1b; ~115 kDa for GBR2) (Fig. 5b). 
In contrast, co-expression of the cysteine mutant pair yielded a hete- 
rodimeric protein band (~210 kDa) under non-reducing conditions 
(Fig. 5b). This band was recognized by both anti-Flag and anti-HA 
antibodies, which were used to detect differentially tagged GBR1b and 
GBR2 subunits. Furthermore, it was observed in the absence of ligand 
and in the presence of the agonist GABA. These observations indi- 
cate the spontaneous formation of a disulphide-tethered GBR1b:GBR2 
heterodimer, and confirm that the LB2—LB2 interface observed in the 
active-state GBR1bypr:GBR2ypr structure is also present in free and 
agonist-bound native GABAg receptor. 

To determine the functional effects of locking the LB2-LB2 inter- 
face, we measured agonist-dependent G;-protein activation of diffe- 
rent combinations of wild-type and cysteine mutant receptors (Fig. 5c). 
For the wild-type receptor and single cysteine mutants, application of 
GABA led to stimulation of [°°S]GTPyS binding both in the absence 
and presence of dithiothreitol (DTT). In contrast, the double cysteine 
mutant exhibited constitutive activity under non-reducing conditions, 
and addition of GABA did not further increase its functional activity 
(Fig. 5c). This indicates that the intersubunit disulphide bond holds the 
receptor in a fully active form. Indeed, on reduction of the disulphide 
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mutant (Thr198Cys Gln206Cys) was also analysed in the absence of ligand. 
GBR1b and GBR2 were detected by anti-Flag and anti-HA antibodies, 
respectively. Arrow 1, GBR1b-GBR2 heterodimer; arrows 2 and 4, GBR2 
monomer; arrows 3 and 5, GBR1b monomer. c, GABA-stimulated, 
dose-dependent [*°S]GTPyS binding in membranes from cells expressing 
wild-type or various cysteine mutant receptors in the presence or absence of 
DTT. Data points represent average + s.e.m. of triplicate measurements. 


bond, the double cysteine mutant receptor lost its constitutive activity, 
but regained sensitivity to GABA to a level comparable to that of a 
single cysteine mutant (Fig. 5c). Our data demonstrate that formation 
of the LB2-LB2 interface is both necessary and sufficient for GABA, 
receptor activation. 

In the conformational equilibrium of GABAg receptor, an antago- 
nist maintains the inactive conformation of the receptor, whereas 
an agonist stabilizes its active conformation (Supplementary Fig. 14). 
Agonist binding to GABAg receptor induces domain closure in the 
GBRI subunit, an expansion of the heterodimer interaction to include 
a large LB2-LB2 interface, anda decrease in the separation between the 
membrane-proximal LB2 domains. Because receptor function is not 
affected by alterations in the peptide linker between the VFT and 
transmembrane domains of each subunit”, these changes would probably 
be directly relayed to the transmembrane domains. We expect that the 
transmembrane domains of the GABA, subunits exist as pre-formed 
heterodimers on the cell surface because both the extracellular and the 
intracellular components form stable heterodimers’***”**°. There- 
fore, agonist-induced conformational changes may lead to a rearrange- 
ment of the transmembrane-domain heterodimer for signal transduction 
across the membrane. This novel activation mechanism would be, as 
of yet, unique to inhibitory GABAg receptor. 


METHODS SUMMARY 


The extracellular VFT module of human GBR1b and GBR2 were co-secreted from 
baculovirus-infected insect cells, and purified by anti-Flag M2 antibody affinity 
chromatography followed by size-exclusion chromatography. Apo and antagonist- 
bound GBRI1byprr:GBR2yrr complexes were crystallized in the P2; space group. 
Agonist-bound complexes were crystallized in the P2,2,2 space group. All of the 
structures were solved by molecular replacement. Radioligand binding and agonist- 
stimulated [*°S]GTPYS binding were measured using HEK293 cells co-transfected 
with complementary DNAs encoding full-length GBR1b and GBR2. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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METHODS 


Protein expression and purification. The extracellular domains of human GBR1 
and GBR2 were separately cloned into the pFBDM vector” for expression in 
baculovirus-infected insect cells. The GBR1 isoform GBR1b”° was used in this study. 
The GBR1byrr construct contained residues 48-459, with the signal peptide of 
baculovirus envelope surface glycoprotein gp67 attached at the N terminus and a 
Flag tag at the C terminus. The GBR2yrr construct contained residues 1-466 and 
a C-terminal Flag tag, as previously described”*. 

Sf9 insect cells were co-infected with recombinant GBR] bypy and GBR2ypry 
baculoviruses at 23 °C for 96h. The GBR1byrr:GBR2vrr complex was purified 
from cell supernatant by anti-Flag antibody (M2) affinity chromatography fol- 
lowed by gel filtration chromatography (Superdex 200, GE Healthcare). The 
CGP54626,n1-GBR1bypy:GBR2ypr complex was produced in the presence of 
10 tM CGP54626anr throughout expression and 20 WM CGP54626anr during 
purification. The (R)-baclofenago-GBRI1bypr:GBR2yrr complex was expressed 
and purified in the presence of 100 |tM (R)-baclofen, and the GABA-GBRIbyrr: 
GBR2vpr complex was produced in the presence of 100 uM GABA. 
Crystallization and data collection. Crystals of the apo-GBR1byp7:GBR2ypr 
complex were grown at 4 °C in 10% PEG 3350, 20% glycerol and 0.12 M Na acetate, 
pH7.0. Crystals of various antagonist-bound GBR1bypy:GBR2yy; complexes were 
obtained under the same condition as the apo complex. Specifically, the CGP54626 anr- 
bound heterodimer was crystallized using protein that was purified in the presence 
of CGP54626anr. The apo-GBRI1bypr:GBR2vpr complex was also co-crystallized 
with 10 mM of each of the following antagonists: CGP463814n1, CGP35348anr; 
SCH5091 1 an; (R,S)-2-OH-saclofenanr and (R,S)-phaclofenanr. All of the crys- 
tals were directly frozen from drops. 

The agonist-bound (R)-baclofenago-GBR1by¢7:GBR2ypy complex was crys- 
tallized at 20°C from 20% PEG 2000, 15% glycerol, 0.2 M NH,Cl and 0.1 M Na 
cacodylate, pH 5.2, in the presence of 10 mM (R)-baclofen. Crystals of the GABA- 
GBR byrr:GBR2yrr complex were grown at 20°C from 18% PEG 2000, 5% 
glycerol, 0.15 M NH, Cl and 0.1 M Na cacodylate, pH 5.0, in the presence of 10 mM 
GABA. The crystals were frozen in a cryoprotecting solution containing 20% glycerol 
and all other components of the crystallization solution. 

Native data for the different complexes were collected at the 24ID-C and 24ID- 
E beamlines of the Advanced Photon Source. Diffraction data for the apo complex 
and the CGP46381,an7-, CGP35348,nr-, SCH50911anr- and GABA-bound 
complexes were integrated using XDS"! and scaled with SCALA”. Data for the 
CGP54626 anr-; (S)-2-OH-saclofen, nr-; (R)-phaclofen,y- and (R)-baclofen,co- 
bound complexes were integrated and scaled using HKL2000°°. 

Structure determination. The structure of the apo-GBR1byp7:GBR2ypy com- 
plex was solved by molecular replacement. The position of GBR2vrr was iden- 
tified using the structure of free GBR2ypy (PDB code 4F11; ref. ?6) as the search 
model. The location of GBR1bypr was found by using the individual LB1 and LB2 
domains of GBR2yrr as the search probes. A complete atomic model of the apo- 
GBRI1byrr:GBR2yrr complex was developed through a succession of manual 
building and iterative refinement. The final model contained the GBR1byrr resi- 
dues 48-368 and 377-459, the GBR2vpr residues 53-292, 300-379 and 385-466, 
and part of the Flag tag at the C termini of both subunits. Carbohydrate residues 
were also attached to Asn 323 and Asn 365 of GBR1by rr, and to Asn 404 of GBR2yrr. 

All of the antagonist-bound GBR1bypr:GBR2ypr structures were solved by 
molecular replacement using the apo-GBRI1bypy:GBR2ypr structure as the search 
model. For each complex, the bound antagonist was modelled into the residual 
electron density map obtained in the final rounds of refinement. All of the antagonist- 
bound structures contained the GBR1bypry residues 48-368 and 377-459, the 
GBR2yrr residues 53-292, 300-379 and 385-466, and part of the Flag tag at the 
C termini of both subunits. Carbohydrate residues were also attached to Asn 323 
and Asn 365 of GBR1byrr, and to Asn 404 of GBR2vrr. Although a racemic mix- 
ture of (R)-2-OH-saclofen, nr and (S)-2-OH-saclofen, nr was used for crystalliza- 
tion, only the (S)-2-OH-saclofenany enantiomer was bound to GBRI1byrr in the 
structure. Our observation is consistent with previous findings that the (S)-2-OH- 
saclofenanr enantiomer is the active antagonist™. Similarly, we found that (R)- 
phaclofen was the active enantiomer, in agreement with previous studies”. 

The structure of the (R)-baclofenago-GBRI1bypy:GBR2ypr complex was also 
determined by molecular replacement. The position of GBR2ypr was found using 
the GBR2yrr structure from the apo complex as the search model. The (R)- 
baclofenago-bound GBRI1bypr molecule was located using the individual LB1 
and LB2 domains of apo-GBRI1by yr as the search probes. A complete model of 
the (R)-baclofenago-GBR1by¢r:GBR2yrr complex was constructed through itera- 
tive rounds of manual building and refinement. The GABA-bound GBRIbyrr: 
GBR2yer structure was solved using the refined (R)-baclofenago-GBR1bypr: 
GBR2vrr complex structure as the search model. For each complex, the bound 
agonist was modelled into the residual electron density map obtained in the final 
rounds of refinement. The (R)-baclofenago-GBR1bypr:GBR2yrr complex contained 


the GBRlbyrr residues 50-368 and 377-459; the GABA-GBRIbypr:GBR2yrr 
complex contained the GBR1bypy residues 50-84, 92-337, 344-368 and 377- 
459. Both agonist-bound structures contained the GBR2yrr residues 50-291 
and 302-466, and part of the Flag tag at the C termini of both GBR1bypy and 
GBR2vyrr. Carbohydrate residues were attached to Asn 404 of GBR2ver. 

Molecular replacement searches were carried out using PHASER”. Model build- 

ing was performed with COOT”. Structural refinement was executed using BUSTER™. 
Ramachandran statistics were calculated for each structure using MOLPROBITY™. 
Pairwise structural comparison was performed using LLQMAN™. Software instal- 
lation support was provided by SBGrid™. 
Cell surface expression. Full-length human GBR1b and GBR2 were individually 
cloned into a pcDNA3.1(+) vector (Invitrogen) for expression in human embry- 
onic kidney (HEK293) cells. A Flag tag was inserted after the signal peptide of 
GBRIb, and an HA tag was placed after the signal peptide of GBR2. Mutants of 
GBRI1b and GBR2 were constructed using the QuikChange mutagenesis system 
(Stratagene). 

HEK293 T/17 cells (ATCC) were co-transfected using Lipofectamine 2000 
(Invitrogen) with the GBR1b and GBR2 plasmids. Cells permeabilized with 
0.5% Triton X100 were used to determine the total expression levels of GBR1b 
and GBR2 in transfected cells. Untreated cells were used to determine the cell 
surface expression level of each subunit. The amount of surface protein detected 
for each construct was normalized to that found in the total cell lysate. 

The cells were blocked with 5% milk, and then incubated with mouse anti-Flag 
M1 antibody (Sigma) as the primary antibody to measure GBR1b expression. 
Similarly, mouse anti-HA antibody HA.11 clone 16B12 (Covance) was used to 
detect GBR2. Donkey anti-mouse IRDye 800-labelled antibody (LiCor) was used 
as the secondary antibody in both cases. Fluorescent signals were measured with 
an Odyssey Infrared Imager (LiCor). The results of three independent experiments 
were used for statistical analysis. All of the mutants reported here were expressed 
on the cell surface at levels comparable to that of wild-type GABAg receptor. 
Agonist-stimulated [*°S]GTPyS binding. HEK293 T/17 cells were transiently 
transfected with full-length GBR1b and GBR2 plasmids. The cells were collected 
in 50mM HEPES, pH 7.4, to obtain the membrane fraction. Membranes were 
suspended in an assay buffer containing 50mM Tris, pH 7.7, 100mM NaCl, 
12mM MgCh, 1.8mM CaCl, and 0.2 mM EGTA to approximately 400 ug pro- 
tein per millilitre. The membrane homogenates were incubated with increasing 
concentrations of GABA in the presence of 10 j1M GDP. [*°S]GTPS (1,250 Ci mmol‘) 
was then added to a final concentration of 0.5nM. After incubation at room 
temperature for 45 min, unbound [*°S]GTPyS was removed by centrifugation. 
The amount of bound [*°S]GTPyS was measured using a Beckman LS6500 liquid 
scintillation counter. Nonspecific binding was measured in the presence of 20 1M 
unlabelled GTPyS. Basal activity was determined in the absence of GABA. The 
basal activity of the wild-type receptor was used to calculate the percentage stimu- 
lation of the double cysteine mutant receptor GBR1b-Thr198Cys GBR2-Gln206Cys 
under non-reducing conditions. The reduced [*°S]GTPyS binding activity of the 
double cysteine mutant (~60% of the wild-type value) could be attributed to the 
effect of the mutations themselves, because introduction of a single cysteine muta- 
tion into either subunit also caused a decrease in agonist response. 

To measure [*°S]GTPyS binding under reducing conditions, the membrane 
homogenates were pre-incubated with 1 mM DTT before the addition of various 
concentrations of GABA and 10 1M GDP. The presence of DTT reduced the basal 
activity of all different combinations of wild-type and cysteine mutant receptors. 
The percentage stimulation of each receptor mutant was calculated on the basis of 
the wild-type response obtained under the same condition. Data analysis was per- 
formed using the nonlinear regression algorithms in PRISM (GraphPad Software). 
Data points represent average + s.e.m. of triplicate measurements. 

Radioligand binding assay. HEK293 T/17 cells were transiently transfected with 
full-length GBR1b and GBR2 plasmids. Cell membranes were suspended in an 
assay buffer containing 20mM Tris, pH7.4, 118mM NaCl, 5.6mM glucose, 
1.2mM KH,POg,, 1.2mM MgSO,, 4.7mM KCI and 1.8mM CaCl, to approxi- 
mately 400 pg protein per millilitre. PH]CGP54626,nr (25Cimmol ') was 
added to the reaction mixture to final concentrations ranging from 0.5 to 20nM. 
After incubation at room temperature for 30 min, unbound (PH]CGP54626anr 
was removed by centrifugation. The amount of bound (H]CGP54626an-7¢ was 
measured by liquid scintillation counting. Nonspecific binding was measured in 
the presence of 10 mM unlabelled GABA. Data analysis was performed using the 
nonlinear regression algorithms in PRISM. Data points represent average + s.e.m. 
of triplicate measurements. 

Disulphide design and western-blot analysis. The structure of (R)-baclofenago- 
GBRI1byyr:GBR2yrr was used for the rational design of disulphide bonds at the 
LB2-LB2 heterodimer interface. The residue pair, GBR1b-Thr198 and GBR2- 
Gln206, was identified by the software DISULPHIDE BY DESIGN® to have the 
proximity and geometry required for disulphide formation when mutated to cysteines. 
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The Thr198Cys and Gln206Cys mutations were engineered into full-length 
GBRIb and GBR2 in pcDNA3.1(+), respectively. 

HEK293 T/17 cells were transiently transfected with equal amounts of the full- 
length GBR1b and GBR2 plasmids. Cells were harvested in a buffer containing 
20 mM Tris, pH 7.5, 150 mM NaCland 1% dodecyl-maltoside. After the insoluble 
materials were removed by centrifugation, the supernatant was analysed by 
4-15% SDS polyacrylamide gel electrophoresis in the absence and presence of 
100 mM DTT. In addition, formation ofa disulphide-linked heterodimer between 
the cysteine mutant pair GBR1b-Thr198Cys and GBR2-Gln206Cys was analysed 
under two different conditions: in the absence of any ligand, and in the presence of 
10mM GABA. Heterodimer formation of all other samples was analysed in the 
presence of 10 mM GABA. The samples were transferred to polyvinylidene fluo- 
ride membranes. After blocking with 5% milk, the membranes were incubated 
with a primary antibody. Mouse anti-Flag M1 antibody (Sigma) was used to detect 
the GBR1b protein. Mouse anti-HA antibody HA.11 clone 16B12 (Covance) 
was used to probe GBR2. Both were followed by an alkaline phosphatase (AP)- 
conjugated anti-mouse secondary antibody. Proteins were visualized by the colo- 
rimetric method. 
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Baryons in the relativistic jets of the stellar-mass 
black-hole candidate 4U 1630-47 


Maria Diaz Trigo’, James C. A. Miller-Jones*, Simone Migliari®, Jess W. Broderick* & Tasso Tzioumis” 


Accreting black holes are known to power relativistic jets, both in 
stellar-mass binary systems and at the centres of galaxies. The power 
carried away by the jets, and, hence, the feedback they provide to their 
surroundings, depends strongly on their composition. Jets contain- 
ing a baryonic component should carry significantly more energy 
than electron-positron jets. Energetic considerations’” and circular- 
polarization measurements’ have provided conflicting circumstan- 
tial evidence for the presence or absence of baryons in jets, and the 
only system in which they have been unequivocally detected is the 
peculiar X-ray binary SS 433 (refs 4, 5). Here we report the detec- 
tion of Doppler-shifted X-ray emission lines from a more typical 
black-hole candidate X-ray binary, 4U 1630-47, coincident with the 
reappearance of radio emission from the jets of the source. We argue 
that these lines arise from baryonic matter in a jet travelling at 
approximately two-thirds the speed of light, thereby establishing 
the presence of baryons in the jet. Such baryonic jets are more likely 
to be powered by the accretion disk® than by the spin of the black 
hole’, and if the baryons can be accelerated to relativistic speeds, the 
jets should be strong sources of y-rays and neutrino emission. 

As part of a campaign to study the connection between relativistic 
jets and disk winds in X-ray binaries, we used the European Space 
Agency’s XMM-Newton spacecraft and the Australia Telescope Compact 
Array (ATCA) to make two quasi-simultaneous observations (spaced 
by less than two days) of the stellar-mass black-hole candidate X-ray 
binary 4U 1630-47 during its 2012 outburst (Extended Data Table 1). 
The first X-ray observation, on 2012 September 11-12, showed an 
X-ray spectrum fully consistent with emission from a standard accre- 
tion disk. The quasi-simultaneous radio observation did not detect the 
source down to 3a limits on the specific intensity of 68 uy per beam 
solid angle (angular-resolution element), in images obtained at both 5.5 
and 9.0 GHz. In the second observation, on September 28, an additional 
component was required to model the X-ray spectrum: a non-thermal 
power law, thermal bremsstrahlung or a Comptonization component 
(Extended Data Table 2). Furthermore, three narrow X-ray emission 
lines were significantly detected at energies of 4.04, 7.28 and 8.14keV 
(Fig. 1). The quasi-simultaneous ATCA observations detected a radio 
source at levels of 110 + 17 and 66 + 28 wy per beam at 5.5 and 9.0 GHz, 
respectively. 

The strongest emission line, at 7.28 keV, is narrow, with a width of 
0.17 + 0.05 keV. There are no known lines with this rest energy and the 
most plausible explanation is that this is blueshifted emission from 
highly-ionized Fe. However, the narrow linewidth, strong blueshift and 
the lack of an extended red wing (excess emission at long wavelength) in 
the line profile (which would have indicated relativistic effects) argue 
against a disk reflection line similar to those previously observed in both 
X-ray binaries and active galactic nuclei®. Although narrow emission 
lines are frequently observed from the corona in very high-inclination 
X-ray binaries (the so-called accretion disk corona sources), they are 
not significantly blueshifted (Supplementary Information). Given the 
reactivation of the jets implied by the onset of radio emission, we are 


left with the intriguing possibility that the 7.28-keV emission line arises 
from a relativistic jet moving towards the observer. 

Taken in isolation, this would constrain the jet velocity to be >0.3c, 
where c is the speed of light, and the inclination angle to be <73° rela- 
tive to the line of sight, assuming Fe xxv1 Ka emission (>0.4c and <66°, 
respectively, for Fe xxv Ka emission). However, if the 4.04-keV line is 
associated with the corresponding redshifted Fe xxv1 Ka emission 
from the receding jet, we can uniquely constrain the jet velocity to be 
0.66c and the inclination angle of the jet axis relative to the line of sight 
to be 65° (0.63c and 63°, respectively, for Fe xxv Ka emission). Given 
that the disk normal is constrained, by the observed X-ray dips and 
the absence of eclipses’, to be in the range 60-75° relative to the line of 
sight, and assuming that the outer and inner disks have the same incli- 
nation (that is, there is no warp), this suggests that the jets are aligned 
with the disk normal, and are hence perpendicular to the disk plane. 
Furthermore, by assuming identical blueshifts for the 7.28- and 8.14-keV 
lines, we find a unique identification of such lines as Fe Xxv1 and Ni xxv 
and can self-consistently fit the observed emission lines and the hard 
continuum component as an emission spectrum from hot, diffuse, 
Doppler-shifted gas at a temperature of 21 + 4keV (energy and tem- 
perature being linearly related by Boltzmann’s constant), which con- 
tributes 19% of the total unabsorbed flux in the 2-10 keV band (Fig. 2). 

Fitting a standard multicolour disk and power law with a photon 
index of I’ = 2 to model the continuum flux in the second observation 
gave a bolometric flux in excess of 5.2.x 10 *ergcm *s '. However, 
the exact value depends significantly on the relatively poorly constrained 
photon index. For a photon index of I” = 2 the power-law component 
comprised 50% of the total bolometric luminosity, whereas for I” = 2.5 
the power-law contribution was as high as 90%. In either case, this 
implies that the source was in the ‘anomalous’ accretion state'®, cha- 
racterized by a luminosity in excess of 2.5 X 10°* ergs’ ' with a domi- 
nant contribution to the spectrum from a steep power-law component. 
The accretion flow is believed to consist of a standard disk, but with a 
hot corona responsible for Compton upscattering a significant fraction 
of the disk photons (that is, the photons gain energy after inelastic scatte- 
ring with energetic electrons in the corona). The only previous detection 
of jets from 4U 1630-47 also occurred while it was in an ‘anomalous’ 
state, when highly polarized, optically thin radio emission was detected", 
although no high-resolution X-ray spectra from that outburst are avail- 
able to search for Doppler-shifted line emission. Contrasting the accre- 
tion flow geometry with that of the standard soft state in which jets are 
quenched by factors of at least several hundred’” then suggests that it is 
the presence of the corona, rather than the absence of a standard disk, 
that is responsible for the launching of the jets. 

Narrow, Doppler-shifted X-ray emission lines have previously been 
reported during an ‘apparently standard’, slim disk state of 4U 1630-47 
observed by NASA’s Rossi X-Ray Timing Explorer’’. However, the poorer 
spectral resolution of that spacecraft relative to XMM-Newton pre- 
vented the definitive association of these lines with either the accretion 
disk or the jet. Although we find that interpreting these lines as red- and 
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Figure 1 | Residuals from the continuum modelling of the X-ray spectra. 
Ratio of data (90% error bars) to results of continuum model for the first 

(a, XMM1) and second (b, XMM2) XMM-Newton observations. The dotted 
vertical lines indicate the rest energy of the transitions of Fe xxv! (6.97 keV) and 
Nixxvil (7.74 keV). The flux ratio between the blue- and redshifted 


blueshifted Fe xxvi Ka emission from a bipolar jet would give a consis- 
tent inclination angle of 58-67° and a slightly lower jet speed of 0.3c-0.4c, 
the spectral resolution is insufficient to draw more concrete conclu- 
sions. Therefore, until now, the only X-ray binary for which there was 
unambiguous evidence for baryons in the jets was SS 433, in which 
Doppler-shifted emission lines are seen in both the optical and X-ray 
bands**. However, its persistent, supercritical accretion rate makes it 
unclear how that system relates to other, more canonical X-ray bina- 
ries with significantly more relativistic jets. Although baryons could be 
supplied to the jets of SS 433 by its strong stellar wind, this mechanism 
cannot be invoked in other, lower-mass X-ray binaries. 

4U 1630-47 is a recurrent transient system. The X-ray spectral and 
timing features observed during its many well-studied outbursts are 
typical of other low-mass X-ray binaries, and, together with the absence 
of typeI X-ray bursts, make it one of the best candidates to contain a 
black hole’*. However, the high column density in the direction of the 
system has precluded spectroscopic classification of the detected infrared 
counterpart’*, and a dynamical mass estimate is still lacking. The donor 
star is most likely to be a relatively early-type (late B or F class) star, 
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components of Fe xxvi ranges from 1.9 + 1.1 to 2.1 + 1.3 (Extended Data 
Table 3), consistent with 3.2, the ratio predicted for Doppler boosting in a 
continuous jet. Assuming that the lines are Doppler-broadened by divergence 
in a conical outflow”**®, we use their widths to determine an upper limit to the 
opening angle of the jet of 3.7-4.5°. 


similar to 4U1543-47, GRO J1655-40 or SAX J1819.3-2525, with accre- 
tion occurring by means of Roche lobe overflow’®. One possible explana- 
tion for the non-detection of lines from other systems is that relativistic 
expansion of standard X-ray binary jets would sufficiently Doppler- 
broaden any emission lines to the point that their detection would be 
rendered extremely difficult, even if one knew the true jet velocity and 
inclination angle, and, hence, the expected redshifts’®. The observed emis- 
sion lines in 4U 1630-47 could then arise from the particular characte- 
ristics of the jets during the poorly studied ‘anomalous’, high-luminosity 
state in which they were observed. 

Most previous attempts to constrain jet composition in both X-ray 
binaries and active galactic nuclei have relied on energetics considera- 
tions, because baryon-loaded jets can carry significant kinetic power 
away from the compact central objects without radiating. In some active 
galactic nuclei, the detection of circular polarization has been used to 
determine the low-energy electron population, and hence to claim, on 
energetic grounds, that a significant baryonic component can be ruled 
out®. However, the few reported circular-polarization detections in X-ray 
binaries” were unable to place strong constraints on the jet composition. 
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Figure 2 | X-ray observations of 4U 1630-47. a, MAXI/All-Sky Monitor light 
curve of 4U 1630-47 (MJD, modified Julian date). The times of the 
XMM-Newton and ATCA observations reported here are indicated with red 
and blue dashed lines, respectively (Extended Data Table 1). b-d, 2-10-keV 
unfolded X-ray spectra (flux multiplied by squared energy, shown as a function 
of energy; error bars (90%) are too small to see). The first observation can be 
fully described by a standard disk (b). As the source brightens to more 


than 2.5 X 10°8 ergs ' in the 2-10-keV band, the spectrum requires an 
additional hard, power-law, component (black dot-dash line) and three narrow 
emission lines (red and blue dot-dash lines) (c). Alternatively, two thermal 
plasma components (bvapec in XSPEC) with a temperature of 21 keV (red and 
blue dot-dashed lines) can account self-consistently for both the hard 
component and the narrow emission lines (d). Model information refers to 
XSPEC components. 
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Arguments based on pressure balance and minimum-energy calcula- 
tions in the lobes of radio galaxies have suggested that cold protons 
may carry the bulk of the kinetic energy’, but there are caveats to these 
interpretations and uncertainty in the jet composition remains”. In the 
best-constrained X-ray binary system, calorimetry of the jet-blown 
bubble around Cygnus X-1 suggested that the jets should carry a sig- 
nificant cold proton component’, although alternative explanations 
were possible’’. The detection of baryons in the jets of 4U 1630-47 
has finally confirmed this picture, at least for certain accretion states. 

If they can be accelerated to mildly relativistic speeds, the presence 
of baryons in an X-ray binary jet suggests that y-rays could be pro- 
duced by collisions with high-energy photons or with protons in the 
stellar wind of the companion star**". Such hadronic mechanisms are 
in principle capable of explaining the observed y-ray flux from the 
microquasar Cygnus X-3**”*, although leptonic models seem equally 
viable. Even for low-mass X-ray binaries with no strong stellar wind, 
hadronic models suggest that the presence of relativistic baryons 
would give rise to y-ray emission that could be detected by Fermi-LAT, 
MAGIC II and the CTA”. In that case, the hadronic mechanism should 
also generate an intense flux of neutrinos”*. Thus, baryonic jets also have 
important implications for current and future neutrino telescopes”®, and 
our results suggest that high-luminosity outbursts could provide the 
best opportunities for neutrino detection. 

Finally, the jet composition should be affected by the physical mecha- 
nism responsible for launching the jets. Jets powered by an accretion disk® 
are expected to contain baryons, whereas in the absence of entrainment 
(as is probably the case in the absence of a strong stellar wind), jets 
powered by black-hole spin’ are more likely to produce purely leptonic 
jets with significantly higher Lorentz factors. Although there are claims 
that transient jets from X-ray binaries are powered by black-hole spin’’, 
this work remains controversial’, and so additional evidence detailing 
the jet composition can provide independent constraints on the jet- 
launching mechanism. 


METHODS SUMMARY 


The X-ray observations were made with XMM-Newton, using the EPIC pn charge- 
coupled-device camera in burst mode. Data were reduced using the XMM-Newton 
Science Analysis Software. We corrected for a rate-dependent charge transfer ineffi- 
ciency and re-binned the data, but did not perform background subtraction, owing 
to both the source brightness and the lack of source-free background regions in 
burst mode. The resulting X-ray spectra were fitted using the spectral analysis 
package XSPEC. Whereas the spectrum from 2012 September 11 could be well 
fitted with a standard disk model, that from September 28 required an additional 
hard component (Extended Data Table 2). After the spectral continuum had been 
modelled, a strong, narrow emission feature remained in the residuals of the obser- 
vation of September 28, at an energy of ~7.3 keV. Additional, weaker features were 
detected at ~4.1 and ~8.2 keV, whose high statistical significance was confirmed 
both by an F-test and by Monte Carlo simulations. We also verified the lines to be 
robust against systematic shifts of up to 2% in the energy scale (although the model 
became degenerate if the line energy was shifted to coincide with the neutral Fe 
edge). The best-fitting model parameters are given in Extended Data Table 3. 

Quasi-simultaneous radio observations were made with ATCA in its compact 
H214 configuration, using the Compact Array Broadband Backend to observe simul- 
taneously at 5.5 and 9.0 GHz. Data were initially imported into MIRIAD, and further 
processed within the Common Astronomy Software Application, using standard 
procedures. PKS B1934-638 was used as the amplitude and band-pass calibrator, 
and PMN J1603-4904 was used as the secondary calibrator. No radio emission was 
detected on 2012 September 10, with an upper limit of three times the root mean 
squared noise level. The steep-spectrum emission seen on September 29 was fitted 
with an elliptical Gaussian in the image plane. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

XMM-Newton. In this section, we provide additional information about the ana- 
lysis of the XMM-Newton observations of 4U 1630-47. A summary of the obser- 
vations is shown in Extended Data Table 1. Owing to the high count rate from the 
source, =1,000 counts s', we used the EPIC pn charge-coupled-device (CCD) 
camera in burst mode, in which only one CCD chip is operated and the data are 
collapsed into a one-dimensional row (4.4') and read out at high speed, the second 
dimension being replaced by timing information, and applied the Science Analysis 
Software task epfast to the event files to correct for a charge transfer inefficiency 
effect that has been observed in this mode when high count rates are present”’. We 
did not use the EPIC MOS CCD cameras during the observations, to avoid tele- 
metry overflows. Data products were reduced using the Science Analysis Software 
version 12.0.1. We re-binned the EPIC pn spectra to oversample the full-width at 
half-maximum of the energy resolution by a factor of three and to have a minimum 
of 25 counts per bin, to allow the use of the 7’ statistic. To account for systematic 
effects, we added a 0.8% uncertainty to each spectral bin after re-binning. We used 
the pn spectra between 2 and 10 keV. 

In the EPIC pn burst mode, there are no source-free background regions, because 
the point spread function of the telescope extends farther than the central CCD 
boundaries**”’. Because 4U 1630—47 is very bright, its spectrum will not be signifi- 
cantly modified by the ‘real’ background, which contributes less than 1% to the total 
count rate across most of the energy band. Conversely, subtracting the background 
extracted from the outer columns of the central CCD will modify the source spec- 
trum, because the point spread function is energy dependent and the source photons 
scattered to the outer columns do not show the same energy dependence as the 
photons focused on the inner columns. Therefore, we checked the effect of sub- 
tracting the ‘background’ extracted from the outer regions of the central CCD 
on the parameters of the lines. Having established that this resulted in no signifi- 
cant changes to the lines, we chose not to subtract such a background when 
making the final fits, to provide the best possible measurement of the true source 
spectrum. 

We fitted the XMM-Newton data using the spectral analysis package XSPEC™, 
testing standard X-ray binary models for single-disk emission (diskbb in XSPEC), 
power-law emission (po in XSPEC), bremsstrahlung (bremss in XSPEC), thermal 
Comptonization (comptt in XSPEC), disk emission plus power-law (diskbb+po), 
disk emission plus bremsstrahlung (diskbb+bremss) and disk emission plus ther- 
mal Comptonization (diskbb+comptt). In each case, we included a neutral absor- 
ber (tbabs in XSPEC) to account for interstellar absorption along the line of sight. 
We also included a narrow emission feature at 2.28 keV to account for residual 
calibration uncertainties at the gold edge of the pn camera*'. 

We found that the first observation could be well fitted by a standard disk 
(reduced-y” = 0.97 for 128 degrees of freedom (d.o.f.)). In contrast, for the second 
observation, either a one-component thermal Comptonization model or a two- 
component model was required to obtain an acceptable fit (reduced-y* = 2). A 
summary of the models tested and the corresponding quality of the fits is shown 
in Extended Data Table 2. The main difference between the first and second 
observations is the appearance of a hard component in the latter observation in 
addition to the thermal disk component. Further support for the existence of 
this component is given by the increase in the hard-X-ray flux (=10 keV) between 
the first and second observations, as detected by MAXI/All-Sky Monitor and 
Swift/BAT. In particular, the Swift/BAT 15-50-keV count rate increased from 
0.019 + 0.001 countscm~?s~! to 0.036 + 0.002 countscm~*s~!. However, we 
cannot discriminate between the three components (power law, bremsstrahlung 
or thermal Comptonization) used to model the additional emission in the second 
observation, owing to the low effective area of XMM-Newton at energies >10 keV, 
at which such a component should become dominant. We found that a one- 
component, thermal Comptonization model with low seed photon and plasma 
temperatures (~0.7 keV and 1.9 keV, respectively) anda high optical depth (t ~ 8) 
could fit the second observation just as well as the two-component models. However, 
the 15-50-keV flux predicted by the one-component model, ~3 X 10° ergem™*s', 
is lower than the flux detected by Swift/BAT, ~2 X 10°’ ergcm 7s" ', by almost 
one order of magnitude. In contrast, the two-component models predict a 15-50-keV 
flux of (~2-3)X10-°ergem™*s~’, in excellent agreement with Swift/BAT. 
Therefore, we discard the one-component thermal Comptonization model for 
the rest of this work, but include it for completeness in Extended Data Tables 2 
and 3, together with all the other tested models. 

Having modelled the continuum emission, a strong, narrow emission feature 
remained in the residuals of the second observation at ~7.3 keV, with additional 
weaker features at energies of ~3.5, 4.1, 7.8 and 8.2 keV. Inclusion of a narrow 
Gaussian at ~7.28 keV, to account for the most significant feature, improved the 
fit from y,” = 1.70 (127 d.o.f) to 1.07 (124 d.o£.). The probability of such an improve- 
ment occurring by chance, as indicated by an F-test, is 5 X 10-13. We also tested 
the significance of the weaker features, including them one by one in addition to 
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the feature at 7.28 keV. Because the weak features are narrow, we coupled their 
widths to that of the 7.28-keV feature to prevent an arbitrary increase in the 
linewidths from absorbing deficiencies in the continuum model. We found that 
independently including the ~4.1-keV and ~8.2-keV features improved the quality 
of the fit to 7” = 0.97 (122 d.of.) and 0.95 (122 d.o.f), respectively (an F-test indi- 
cated that the probabilities of such improvements occurring by chance were 0.0007 
and 0.0002, respectively). For the feature at 3.5 keV, the chance probability of the fit 
improvementas given by the F-test was 0.023. The feature at 7.8 keV is weaker than 
that at 8.2 keV, and unless the energy was fixed, the fit shifted the energy to 8.2 keV. 
Ifthe feature at 7.8 keV was included in addition to the 8.2-keV feature, the chance 
probability of the fit improvement as given by the F-test was 0.041. 

Because there are caveats to the use of the F-test to study the presence of emis- 
sion lines over a continuum”, we also performed Monte Carlo simulations to confirm 
the significance of the 4.1-keV and 8.2-keV features*®. As an example, we took the 
best-fitting parameters of the model consisting of absorbed disk emission plus ther- 
mal Comptonization (diskbb+comptt; Extended Data Table 3) and the 7.28-keV 
Gaussian emission line as our null hypothesis. We then tested the chance probabi- 
lity of any extra emission line against the null hypothesis. 

For this, we fitted the data with the null-hypothesis model and simulated a spec- 
trum with the same exposure time as the data. We fitted the simulated spectrum 
with the model used to construct it, providing a refined null-hypothesis model that 
differed from the previous one only in photon statistics. We then added to the 
model a Gaussian emission line, varying its energy from 3.0 to 9.0 keV in steps of 
0.2 keV. We chose the linewidth to be equal to the one that we found in our best-fit 
model of the data with the three Gaussian emission lines, ¢ = 0.17 + 0.05 keV, and 
we allowed the normalization to vary. For each spectrum, we recorded the best- 
fitting parameters and the maximum Az’ among the lines. We then repeated the 
above steps 1,000 times and obtained the distribution of maximum Ay? to be 
compared with the result obtained from the data. The addition of an extra 
Gaussian to the data at 4.1 or 8.2 keV improved the fit by Ay? = 12.73 or 13.77, 
respectively, compared with the null hypothesis. 

Only six and, respectively, one of the 1,000 simulated spectra showed a maxi- 
mum A7’ equal to or higher than those found by fitting the data with the addi- 
tional 4.1- and 8.2-keV lines. Therefore, these additional lines are significant at 
levels of 99.4% and 99.9%, respectively. 

In summary, given the higher significance of the ~4.1- and ~8.2-keV features, 
we consider it likely that they are real and we discard the other weak features, 
which have significantly higher chance probabilities. In Extended Data Table 3, we 
show the parameters of the best-fit models. The lines are robust against signifi- 
cance tests, and we also tested whether they are robust against possible systematic 
errors in the energy scale. For this, we shifted the energy scale by as much as +2% 
in the event files of both observations and re-extracted spectra and response matrices. 
Coincidentally, the maximum possible systematic error of —2% in the energy scale 
would shift the photons of the line at 7.28 keV to the energy of the neutral Fe edge, 
causing model degeneracy. Therefore, we encourage future exposures with high- 
resolution gratings to mitigate against possible systematics and definitively con- 
firm the exact energies of the lines. 

Finally, we searched for line variability within the second observation by divid- 

ing the events file into two, three and four different parts and extracting and fitting 
the corresponding spectra. We did not detect any significant variation of the lines 
among the different intervals. However, owing to the poor statistics we obtain large 
errors and cannot exclude variability with high significance. Longer exposures with 
high-resolution gratings would be required to address definitively the existence of 
line variability, as might be expected in the case of jet precession. 
Australia Telescope Compact Array. ATCA was used to observe 4U 1630-47 at 
two epochs, as detailed in Extended Data Table 1. We made simultaneous observa- 
tions at 5.5 and 9.0 GHz using the Compact Array Broadband Backend system*”. 
We observed with 2,048 MHz of contiguous bandwidth in each of the two fre- 
quency bands, split into 1-MHz channels. The array was in the hybrid H214 
configuration, with five of the six antennas within 250 m, and the sixth antenna 
providing longer (4.5-km) baselines. 

Data were imported into MIRIAD*, and immediately written out to FITS format 
for further processing within the Common Astronomy Software Application”. We 
edited out narrowband radio-frequency interference, before deriving the external 
gain calibration, using PKS B1934-638 as the band-pass calibrator and to set the 
amplitude scale. We used PMNJ1603-4904 to derive the amplitude and phase 
gains that were subsequently applied to the target field. To filter out the diffuse 
emission in the field and enhance the sensitivity to point sources, we only used the 
long baselines to antenna 6 in making the radio images. We used natural weighting 
to maximize the image sensitivity. The source was too faint for self-calibration. On 
2012 September 10, the source was not detected at either frequency, and we esti- 
mated the 3a upper limit on its flux density as three times the root mean squared 
noise in the image. On 2012 September 29, when the source was significantly 
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detected, we measured its flux density by fitting an elliptical Gaussian to the source 
in the image plane. 
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Extended Data Table 1 | Observation log 


Observation Observation ID Observation Times (UTC) 
(day.month.year hr:min) 
XMM1 0670673101 11.09.2012 20:14 — 12.09.2012 05:39 
ATCA1 C2514 10.09.2012 01:08 — 10.09.2012 09:03 
XMM2 0670673201 28.09.2012 06:33 — 28.09.2012 21:50 
ATCA2 C2514 29.09.2012 02:36 — 29.09.2012 09:58 
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Extended Data Table 2 | Quality of the spectral fits (y,2) to the XMM- 
Newton observations, using different continuum models 


Model x2(d.o.f.) 
XMM1 XMM2 

tbabs*diskbb 0.97 (128) 2.12 (128) 
tbabs*po 9.44 (128) 12.9 (128) 
tbabs*bremss 2.59 (128) 3.26 (128) 
tbabs*comptt 0.87 (126) 1.26 (126) 
tbabs*(diskbb+po) 0.95 (127) 1.70 (127) 
tbabs*(diskbb+bremss) 0.96 (126) 1.70 (126) 
tbabs*(diskbb+comptt) 0.95 (127) 1.67 (127) 
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Extended Data Table 3 | Parameters for each of the best-fit models to the 2-10-keV EPIC pn spectra from the XMM-Newton observations 


Obs. Best-fit_ model x? (d.o.f.) 
tbabs*diskbb 
Nuabs kTapp kabb 
(keV) 
XMM1 8.34+0.08 1.82+0.01 107+3 - ~ - - ~ - __ 0.97 (128) 
tbabs* (compttt+gaut+gautgau) 
Nuabs kTop kTe T a ee: o Fluxgau EW 
(keV) (keV) (keV) (keV) (eV) 
XMM1 7.5404 0.697608 1.6340.07 9140.9 3.040.3 - - - - 0.87 (126) 
XMM2 7.267332 O.727RR! wee lees T7205 Saath 4.06 + 0.07 () 19210 522 0.79°(119) 


7.24+0.03 0.11+0.033.8+0.8 23+4 
8.22+0.10 (t) 0.9+0.7 7+4 


tbabs* (diskbb+potgau+gautgau) 


Nuabs kTabb Rabb I kpo Egau o Fluxgau EW 
(keV) (keV) (keV) (eV) 
XMM1 8.5+0.2 1.78+0.03 11346 2 (f) <0.6 - - - — 0.95 (127) 
XMM2 8.6+0.1 1.7740.03 12347 2 (f) 1.7+0.3 40a tte (t) 3.0414 844 0.87 (120) 
7.28+0.04 0.17+0.056.2+1.0 37+9 
SS Ser ¢) 25210 18210 
tbabs* (diskbb+bremsstrahlung+gautgautgau) 
Nuabs kT app kabb kTbrems Kerems Egau o Fluxgau EW 
(keV) (keV) (keV) (keV) (eV) 
XMM1 8640.4 1.79+0.06 102739 >1.2 oatTe - - - — 0.95 (126) 
MMMG BA705 Jt0ts ied 6 (10S eT mee G) 382513 824 0.87 (119) 
7.27£0.04 0.17£0.056.140.9 3748 
8.16 oie (t) 23409 1st 
tbabs*(diskbb+comptt+gautgautgau) 
Nuabs kTapb kabb kTe SF kKeomptt Egau o Fluxgau EW 
(keV) (keV) (keV) (keV) (eV) 
40.1 +34 +432 
MMMI 66401 17735 Is87; O81,  <0.58 < 0.75 - ~ - — 0.96 (125) 
abs ae 60 +355 +0.3 0.11 
XMM2 8340.1 1640.2 2127) 1457529? <0.50 0.005705, 4.037915 (t) 29414 844 0.88 (118) 
7.27£0.04 0.17£0.056.041.0 3748 
$16 oa. (t) 2441.0 19411 
tbabs* (diskbbtbvapec,..g+bvapecpx,¢) 
Ny¥abs kT app kabb kT bvapec 2bvapec,red Kred Zbvapec, blue Kolue Ni v 
(keV) (keV) (km/s) 
XMM2 8.30.1 1.7740.04 130410 2144 0.70640.026 2.040.8 -0.04440-003 1340.3 <5.4 526011830 1.04 (121) 


Uncertainties are quoted at the 90% level. Nuabs is the column density of the neutral absorber in units of 107? cm~2. kab, Kos Korems ANd kKcompit are the normalizations of the disk black-body, power-law, 
bremsstrahlung and Comptonization components in XSPEC units. kTabb, KTprems ANd kTpvapec are the temperatures of the disk black-body, bremsstrahlung and bvapec components in units of keV. For the comptt 
component, we imposed a lower limit on the temperature of the plasma of 50 keV and an upper limit on the opacity of 2, and coupled the temperature of the seed photons to the temperature of the disk black body 
in the two-component model. The photon index of the power law, I, has been fixed to 2, because it is poorly constrained. kKpiue and Kreg respectively represent the normalizations of the blue and red bvapec 
components in XSPEC units. Zpiue ANd Zreq respectively are the velocity shifts for the blue and red bvapec components. ‘Ni’ represents the nickel abundance with respect to solar abundances; v represents the 
velocity broadening for the bvapec components, for which we imposed the same value for the red and blue components. Egau, a, EW and Fluxgau respectively represent the energy (in units of keV), width (in units of 
keV), equivalent width (in units of eV) and 2-10-keV unabsorbed flux (in units of 1071! ergcm™~*s~+) of the Gaussian features. The width, o, was tied for all the emission lines during the fit. ‘p’ indicates that 

a parameter was pegged at its lower or upper limit. 
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An exactly solvable model for quantum 
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Information theory establishes the ultimate limits on performance 
for noisy communication systems’. Accurate models of physical 
communication devices must include quantum effects, but these 
typically make the theory intractable”. Asa result, communication 
capacities—the maximum possible rates of data transmission—are 
not known, even for transmission between two users connected by 
an electromagnetic waveguide with Gaussian noise°. Here we present 
an exactly solvable model of communication with a fully quantum 
electromagnetic field. This gives explicit expressions for all point- 
to-point capacities of noisy quantum channels, with implications 
for quantum key distribution and fibre-optic communications. We 
also develop a theory of quantum communication networks by solv- 
ing some rudimentary models including broadcast and multiple- 
access channels. We compare the predictions of our model with the 
orthodox Gaussian model and in all cases find agreement to within a 
few bits. At high signal-to-noise ratios, our simple model captures 
the relevant physics while remaining amenable to exact solution. 
A fundamental property of communication systems is the maximum 
rate of data transmission possible using the best communication schemes. 
This is called the ‘capacity’ ofa channel. It is usually calculated as a function 
of noise levels and subject to a limited power budget. Shannon’ pre- 
sented a theory of information both formulating and solving the capacity 
problem. Fora channel with additive white Gaussian noise, his formula 
can be solved explicitly, giving the classical capacity, C, as a function of 
bandwidth, B, signal power, W, and noise power per hertz, N: 


Ww 
C=Blog(1+ 7) (1) 
This formula guided the development of practical schemes now in use, 
culminating in efficient codes approaching the theoretical limit’. 

Noise is not a purely mathematical abstraction, but must arise from 
some physical process. Such processes are properly described by 
quantum mechanics, and calculating the true information-carrying 
capacity of a channel therefore requires a quantum mechanical treat- 
ment*”. It is natural, then, to consider new types of capacity, such as 
the capacity of a channel to transmit quantum states coherently (the 
‘quantum capacity’*”) or classical states securely (the ‘private capacity’*). 
However, unlike in classical information theory, for most quantum 
channels none of these capacities is known (see, for example, refs 10, 11 
regarding quantum capacity, ref. 12 regarding classical capacity and 
ref. 13 regarding private capacity). 

Whereas much existing work on quantum channels concentrates on 
abstract, finite-dimensional channels, here we study a more realistic 
setting. Our method is well suited to Gaussian noise in electromagnetic 
modes, but is substantially more general. We will be able to calculate 
classical, quantum and private capacities for a wide range of realistic 
channels. 

Because quantum information cannot be cloned”, knowledge gained 
by the environment about a signal is necessarily detrimental to quan- 
tum transmission. This need to consider information transmitted to 
the environment as well as to the intended receiver puts an analysis of 
quantum capacity on a par with the study of the classical multi-user 


broadcast channel (also very difficult to analyse’). To make the problem 
tractable, we follow ref. 16 in substituting a discretized and determin- 
istic model for the actual channel. In the limit of high signal-to-noise 
ratio, this model captures the important features of the real channel 
and allows us to calculate capacities to within a small number of bits. 
The approach can be thought of as a discretization of the continuous 
system under consideration in a very simple way and then a truncation 
of signals smaller than the noise. The result is a deterministic model 
that is easy to analyse and yields exact answers for the capacities in our 
model. We present strong evidence that these models give good approx- 
imations, but our estimates do not directly give upper or lower bounds 
on the capacities of the bosonic Gaussian channels being modelled. 

States of electromagnetic modes are described by their quadratures 
(P, Q) and are called Gaussian when they are completely characterized 
by a matrix containing the covariances of these quadratures'’. Such 
states can be visualized by their Wigner functions, which are quasi- 
probability distributions depicting the state’s location in phase space. 
Gaussian states have ellipsoidal Wigner functions with Gaussian pro- 
files. Figure 1a shows the Wigner function for a Gaussian state with 
variances 0} and 04. The minimum-uncertainty state has opog = 1/2 
(in units of i, which is Planck’s constant divided by 27). Such states are 
always pure. Mixed states have opdg > 1/2 and can be thought of as 
mixtures of pure states. 

We replace the quadratures (P, Q) with a discretized model (Fig. 1b). 
We call this the discrete quadrature model (DQM). Roughly speaking, 


a b AQ 
ia) 


0 A 


Figure 1 | Phase-space representation of states (Wigner functions). 

a, Wigner function of a Gaussian mixed state with variances og and op. b, The 
discrete quadrature model. The mixed state has been approximately 
decomposed into non-overlapping rectangles with width AQ and height AP. 
These rectangles are the discrete states of the model that replaces the original 
physical system. We imagine them as approximations to the pure squeezed 
state shown at point A. These non-overlapping rectangles are perfectly 
distinguishable in our model. Any inaccuracy in counting the total number of 
rectangles that results from our replacement of a Gaussian-profiled ellipsoid 
in phase space with a tiling of a rectangular region of area gpaq will be 
unimportant because the capacities we study are logarithmic quantities and 
even a multiplicative factor of two in our counting will change the capacity by 
only a single bit. 
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states in phase space are more distinguishable when their Wigner 
functions are less overlapping. To reflect this property, we divide phase 
space into a lattice of non-overlapping rectangles that we take to be 
perfectly distinguishable. The smallest physical state has area 1/2. The 
Wigner function is thus replaced with several rectangles of area 1/2 
that tile the region of phase space where the function is non-negligible. 
The associated state in our model is a uniform mixture of these dis- 
tinguishable rectangles. 

Our channel model is also discrete: because states in our model are 
perfectly distinguishable rectangles, every pair of input states will be 
mapped either to distinguishable outputs or to the same output. Calcu- 
lating the communication rate is then a matter of counting distinguish- 
able outputs. The capacity is the logarithm of the highest number of 
distinguishable states achievable with any coding-decoding strategy 
(logs are to base 2 throughout). An important feature of the capacity 
being a logarithmic quantity is that we can safely round up whenever a 
number of states is non-integral because even overcounting by a factor 
of two would change the calculated capacity by only one bit, and we are 
not aiming for more accuracy than that. Another reason to round up is 
to avoid ever computing a capacity of log, 0, which would result in 
meaningless infinities. 

A full calculation of capacity includes a maximization over modu- 
lation schemes, that is, the set of input states employed. To remain 
physical, the choice of modulation must obey 


(04 +05)/2<W 


(finite power) 


APAQ>1/2 (quantum uncertainty) 


AP <op, AQ<aQ (common sense) 


Because in our model all output states are either perfectly distin- 
guishable or completely indistinguishable, the decoding schemes are 
always straightforward and no special care to ensure physicality is 
required. However, for quantum capacity we will have to consider 
three possibilities rather than two, namely confusable input states, 
input states that are distinguishable to the output alone and those that 
are distinguishable to both the output and the environment. 

The evolution of bosonic states under the action of channels is described 
by the evolution of the system’s quadratures. For Gaussian noise, which 
arises from quadratic interaction with Gaussian environment modes, the 
allowed evolutions take a particularly simple form, being completely 
described by a symplectic matrix®. For example, PoVAP+ V1—Ar, 
Q>V1Q4+V1—As results from interaction with an environment 
mode described by (r,s). The ‘additive Gaussian noise channel’ arises 
when the environment begins in a Gaussian state, and the ‘thermal 
noise channel’ arises when the initial state is thermal. 

We now apply our discretization procedure to classical commun- 
ication over an additive Gaussian noise channel. Figure 2 illustrates the 
following analysis. We fix a modulation scheme, to be optimized over 
later, which amounts to deciding the shape of the rectangles in the 
discretization shown in Fig. 1b. Given op, g and rectangle shape (AP, 
AQ with APAQ = 1/2), our input space has op¢g/APAQ distinguish- 
able states (Fig. 2a). We must now determine how many distinguish- 
able outputs these get mapped to. Attenuation by 2 maps the entire 
input space to a V Aap x Vic rectangle of VIAAP x VIAAQ tiles 
(Fig. 2b). When noise of typical size V1 — Ao, is added to the P quad- 
rature, tiles closer than this are taken to be confusable, and similarly for 
Q, which results in “‘metatiles’ of dimension (Fig. 2c) 


max(V2AP,V1— Zo; ) x max(V72AQ,V1—20;) 


a 
_ AQ 
AP VAAQ 
4 
VAAP 
Attenuation 
0, 
7 Viop 
+ 
Viog 
rR ——_ 
0, 
? Noise 
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AQ = max(VZAQ, VT —Ja,, AN) max(VAAQ, VT — do,) 
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vio; 
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Figure 2 | The DQM of the action of a channel. a, The input space of size 
op X Gq with power (a) +09) /2 < W is divided up into tiles of dimensions 
AQ X AP. b, Attenuation has shrunk the tiles to VAAQ x VAP. c, Noise 
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renders some tiles confusable, and so the effective tile size is increased. d, Ifany 
tiles are smaller than the smallest tile size allowed by Heisenberg uncertainty, 
the tiles are enlarged again. 


©2013 Macmillan Publishers Limited. All rights reserved 


These new tiles fill up the large Vp x V/2aQ rectangle of Fig. 2b, as 
pictured in Fig. 2c. Ifit happens that the tile size is less than 1/2 then the 
tiles are smaller than the minimum size allowed by uncertainty. We 
must then chose a tile shape, AN X AM with ANAM = 1/2, satisfying 
the uncertainty limit. We thus find a final tile dimension of AP x AQ 
with (Fig. 2d) 


AP= max (V/AP, V1 —Aa,,AN) (2) 
AQ= max (V2AQ,V1—Ao,,AM) (3) 


This gives a total number of distinguishable output states of 
Aopog/APAQ and a classical capacity of 


C= max toe 2) 
APAQ 
where the maximization is over all of the constrained variables: 
(op +06)/2<W, APAQ>1/2, AP=ap, AQ=aq, ANAM> 1/2. 
We note that maximization over AP and AQ corresponds to a choice 
of encoding strategy, whereas maximization over AM and AN corre- 
sponds to a choice of measurement by the receiver. We evaluate this 
formula for some important special cases: 

(1) The attenuation channel: an additive channel with transmissiv- 
ity 2 and pure environment in a vacuum state with o, = 0, =1/ V2.To 
a good approximation, this channel describes propagation in lossy 
optical fibre. Letting AP=AQ=1/ V2 and AM=AN=1/V2 mini- 
mizes APAQ=1/2 while satisfying the constraints. This leads to a 
capacity of C=log(2W4A). For this channel, we actually know the 
classical capacity exactly'®: the true capacity, g(A(W—1/2))/1n2, 
where g(x) = (x + 1)In(x + 1) -xIn(x), differs from our estimate by 
no more than 1.4 bits (Fig. 3c, d). 


LETTER 


(2) A channel that applies Gaussian-distributed translations to both 
quadratures in phase space (the classical noise channel). This arises as 
the limiting case of the thermal noise channel with A> 1,0, =0,> © 
and o,V1—A= wz held constant. We find that 


C= min[log (2W), log (W/12) (4) 


This is within 2.45 bits of the true capacity (Supplementary 
Information). 

(3) A channel that applies Gaussian-distributed translations to a single 
quadrature. Such a channel depends on the noise power added, 1’, and 
the capacity might be expected to depend on this parameter. In fact, the 
DQM of this channel gives a capacity of C = log(2W), independent of 17 
(Supplementary Information). Although the predicted capacity is inde- 
pendent of 1°, the suggested modulation scheme is not: for p? = 1 it 
consists of squeezed states of width of order 1/2\/W in the noiseless 
quadrature, whereas for 4” < 1 unsqueezed states suffice. All these pre- 
dictions are borne out by comparison with the standard Gaussian model. 

As mentioned above, evaluating the quantum capacity, Q, requires 
assessing not only signals sent from sender to receiver, but also how 
information leaks from the channel to the environment. Although this 
makes our calculations more complex, we nevertheless find simple and 
reliable estimates for quantum capacities. The quantum capacity is the 
number of distinguishable states that are communicated to the channel’s 
output and about which the environment knows nothing. This com- 
plete lack of knowledge makes it possible to communicate quantum 
superpositions of these distinguishable states; therefore, in our model 
we use them to define the basis states of a Hilbert space that will be 
successfully transmitted. We note that this is exactly the definition of 
the private capacity*, and as a result our model will not be able to 
distinguish between the quantum and private capacities. 
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Figure 3 | Attenuation and thermal noise channels. a, Additive Gaussian 
noise channel. An input state in beam A is combined with an environmental 
input, pg, on a beam splitter with transmissivity 2. One output beam is 
discarded (remaining available only to the environment) and the other is the 
channel output, beam B. When the environment’s input, pz, is a vacuum state, 
the channel is an attenuation channel. When px is a thermal state, the channel is 
a thermal noise channel. The thermal noise channel with average photon 
number Ny can be decomposed into a pure attenuation channel with 1 =1/G 
and a quantum limited amplifier, Ac, with gain G. The output of the channel is 
labelled B, and the environments of the attenuation and amplification channel 
are E, and Ep, respectively. b, DQM of a thermal noise channel using this 
decomposition. ¢, The classical capacity of the attenuation channel for A = 1/2. 
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We have plotted the actual capacity, g((W — 1/2)/2)/In(2), and the capacity 
calculated using the DQM, log(W). d, The difference between the actual and 
discrete quadrature capacities for the attenuation channel, as a function of both 
A and power. The difference is never greater than 1.4 bits. e, DQM for the 
Gaussian attenuation channel. f, Rate region for simultaneous communication 
of classical and quantum information over the Gaussian attenuation channel. 
The highest-order (blue) bits are transmitted to the environment and therefore 
can never be used for quantum communication. They can always be used for 
classical communication, even when the lower-order bits are being used for 
quantum communication. This offers an advantage over the straight-line trade- 
off associated with time sharing. 
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The DQM of the thermal noise channel, including the environment, 
is shown in Fig. 3b. It consists of a number of input bits, depending on 
the channel parameters and transmission power, that are transmitted 
noiselessly to the receiver (green and blue bits). A smaller number of 
higher-order bits are also copied and sent to the environment (blue). 
The bits transmitted to the receiver but not the environment (green 
bits) are transmitted coherently, so that the difference between the 
respective numbers of bits sent to the receiver and to the environment 
gives the quantum capacity. The resulting formula (Supplementary 
Information) is 


A APAQ 
Q= log (A) log (1 eo) loe( eae) (5) 


where AP and AQ are given in equations (2) and (3), respectively, Ng is 
the average number of photons in the environment (Fig. 3a) and 


AP, = max V 1—JAP,AM,, i/2) 
AQ, = max( V 1=7AQ.Am/3/2) 


This formula must still be maximized over AP, AQ, AM and AN and 
minimized over AM, and AN,. We treat AM and AN differently from 
AM, and AN, because the quantum capacity is the maximum differ- 
ence of the log of the effective output dimension minus the log of the 
effective environment dimension. When evaluating the environment’s 
dimension, we must maximize over AM, and AN,, which corresponds 
to making a measurement choice for the environment, but this 
becomes a minimization in the overall formula. 

As shown in Supplementary Information, when equation (5) is eval- 
uated for the attenuation channel (Ng =0) with unlimited input 
power, Q = log (A) — log(1 — A) for 2 = 1/2. This is exactly the quantum 
capacity of the Gaussian attenuation channel’’. In fact, our model 
offers slightly more information. Throughout, for our model to make 
sense the estimates of the number of levels transmitted must be positive 
integers. The output dimension for this channel is 


AOp6Q 
APAQ 


=2lopag>1 


Using W>(op+ o@)/2 >apdq yields 22W = 2A0pdg = 1, such that 
W 2 1/22, which suggests the minimum power necessary to approach 
capacity. 

Our model provides a simple understanding of the recently discovered 
trade-off between simultaneous classical and quantum communica- 
tion in optical channels”. Switching between the optimal communica- 
tion strategies for the two types of information (‘time sharing’) gives a 
linear trade-off between the capacities. In ref. 20, it was shown that the 
rate region, which contains the simultaneously achievable rate pairs for 
quantum and classical communication, is substantially larger than this 
naive strategy suggests for an attenuation channel. This can be under- 
stood in terms of the DQM for the channel pictured in Fig. 3e. Our 
model for the attenuation channel with transmissivity 2 = 1/2 and 
signal power W has C= log(2/W) input bits that get transmitted 
faithfully to the receiver. The log(2(1 — A) W) highest-order input bits 
also get transmitted to the environment. These bits cannot transmit 
quantum information, and so we have Q = C- log(2(1 — 2) W). However, 
they can be used to send classical information, even while transmitting 
quantum information at full capacity Q, which results in the horizontal 
portion of the trade-off curve in Fig. 3f. Only after sending classical 
information at a rate greater than C — Q does a linear trade-off emerge, 
because the lower-order Q bits can each be used to transmit either 
classical or quantum information, but not both. 

Our approach allows us to solve several vexing questions intractable 
in the orthodox model. For example, we can exactly solve models for 


266 | NATURE | VOL 504 | 12 DECEMBER 2013 


single-user communication with thermal noise, as well as for multi-user 
networks including broadcast and multiple-access channels. Analyses 
in the multi-user setting are typically intractable, even classically”’**. In 
Supplementary Information, we derive rate regions for the two-input/ 
one-output multiple-access channel and the one-input/two-output 
broadcast channel (Fig. 4). 

Weargue that our model also is sophisticated enough to capture the 
relevant behaviour of quantum communication systems: comparison 
between the few solvable Gaussian examples and our predictions shows 
that they always agree to within one or two bits. Furthermore, for 
examples in which only lower bounds are available, we find good 
agreement with these, suggesting that known lower bounds are very 
close to the ultimate capacities. Our rates ought to be achievable in the 
real channels our models represent. The coding schemes come directly 
from our optimized input states: each rectangle corresponds to a coher- 
ent (possibly squeezed) state, and these states form a basis of a code for 
the real channel. Small imperfections in the model are eliminated by 
random coding over the near-perfect typical space arising from many 
channel uses. 

Our model makes some previously known but counterintuitive facts 
almost obvious. For instance, we can explain why, whereas the classical 
capacity rises without bound as power increases, the quantum capacity 
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Figure 4 | Multi-user channels. a, Two-input/one output multiple-access 
channel. A and B are the inputs to the channel, C is the output and E is the 
environment. b, Classical-capacity rate region for the multiple-access channel 
with A = 0.9. R, and Rg are the communication rates to C from inputs A and B, 
respectively. The outer blue region is the upper bound from ref. 28. The black 
lines indicate the rate region achievable with coherent states in ref. 28 and the 
achievable region for our model with AP, = AQ, and AP; = AQ. Our region 
is smaller by just a fraction ofa bit. c, One-input/two-output broadcast channel. 
d, Our calculated rate region is plotted for W = 50.5 and 4 = 0.8 (blue region) 
and compared with a lower bound conjectured to be the actual capacity”. 
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saturates: increasing power enhances transmission to both receiver 
and environment in equal measure. Put simply, when trying to com- 
municate privately, shouting your secrets is a poor strategy . We have 
also explained why time sharing is not optimal for the simultaneous 
classical-quantum trade-off”. 

We also make some predictions. Within our model, entanglement 
between channel uses and other quantum strategies are not useful. In 
particular, privacy and coherence are equivalent in our model. We 
therefore predict that the private and quantum capacities will always 
be nearly equal in Gaussian channels, even though they can be very 
different in general’. Also, two-way communication does not increase 
the capacity much for Gaussian channels, again counter to the general 
case™*. Furthermore, Gaussian channels should have a simple capacity 
formula involving a single channel use that is accurate to within a small 
number of bits (compare with refs 25, 26). Finally, the capacities of 
Gaussian channels are nearly additive (unlike the extreme superaddi- 
tivity in refs 25, 26). 

The fact that this additivity is not exact can, however, obscure some 
interesting effects. We know, for example, that Gaussian channels 
exhibit superactivation; that is, there exist pairs of Gaussian channels 
each with zero capacity that can nevertheless be used together to 
achieve positive capacity”. This seems to contradict our prediction 
of additivity. The resolution is that the resulting capacities are min- 
uscule (the joint rate achieved in ref. 27 is only 0.06 bits). Our predic- 
tions are meant to be accurate to within only a few bits, and so there is 
no contradiction and our results should be asymptotically correct at 
high signal-to-noise ratio. 

Finally, by considering many modes instead of just one as we have 
above, we recover equation (1). In keeping with our discretization of 
phase space, the bandwidth, B, can be thought of as the number of 
modes available, each with noise power N= Ww. Each can be used 
individually but requires a proportion of the power budget. By dividing 
the power equally into B modes and summing these B contributions 
from equation (4), we get 


W 
C= Blog (=) 


For W>>NB, this expression for C approaches that in equation (1). 
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Increased insolation threshold for runaway 
greenhouse processes on Earth-like planets 


Jeremy Leconte’, Francois Forget', Benjamin Charnay', Robin Wordsworth? & Alizée Pottier' 


The increase in solar luminosity over geological timescales should 
warm the Earth’s climate, increasing water evaporation, which will 
in turn enhance the atmospheric greenhouse effect. Above a certain 
critical insolation, this destabilizing greenhouse feedback can ‘run 
away until the oceans have completely evaporated'*. Through increa- 
ses in stratospheric humidity, warming may also cause evaporative 
loss of the oceans to space before the runaway greenhouse state 
occurs”®. The critical insolation thresholds for these processes, how- 
ever, remain uncertain because they have so far been evaluated using 
one-dimensional models that cannot account for the dynamical and 
cloud feedback effects that are key stabilizing features of the Earth’s 
climate. Here we use a three-dimensional global climate model to 
show that the insolation threshold for the runaway greenhouse state 
to occur is about 375 Wm ”, which is significantly higher than 
previously thought®*’. Our model is specifically developed to quant- 
ify the climate response of Earth-like planets to increased insolation 
in hot and extremely moist atmospheres. In contrast with previous 
studies, we find that clouds have a destabilizing feedback effect on 
the long-term warming. However, subsident, unsaturated regions 
created by the Hadley circulation have a stabilizing effect that is 
strong enough to shift the runaway greenhouse limit to higher values 
of insolation than are inferred from one-dimensional models. 
Furthermore, because of wavelength-dependent radiative effects, 
the stratosphere remains sufficiently cold and dry to hamper the 
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Figure 1 | Temperature and radiative budget for the Earth under two 
insolations. a, b, Maps of the annual mean surface temperature for the models 
corresponding to present Earth (F, = 341 W m7; a) and toa mean solar flux of 
375 W m ~ (b), just before the runaway greenhouse instability is triggered. 

c, d, Zonally and annually averaged surface temperature (solid black), absorbed 


escape of atmospheric water, even at large fluxes. This has strong 
implications for the possibility of liquid water existing on Venus 
early in its history, and extends the size of the habitable zone around 
other stars. 

Planetary atmospheres naturally settle into a thermal equilibrium 
state where their outgoing thermal emission balances the absorbed 
part of the incoming sunlight. The resulting climate is stabilized by 
the fact that a temperature increase results in enhanced cooling by 
means of thermal emission. When a condensable greenhouse gas is 
present at the planet’s surface, as is the case for water on the Earth, this 
stabilizing feedback is hampered by the destabilizing greenhouse feed- 
back: evaporation and, thus, the water-vapour greenhouse effect increase 
with temperature, reducing the cooling. Under present Earth conditions, 
this greenhouse feedback is both strong enough to maintain clement 
surface temperatures and weak enough for the climate to remain stable. 

When solar heating becomes stronger, however, water vapour can 
become abundant enough to make the atmosphere optically thick at all 
thermal wavelengths’*. Thermal flux then originates in the upper tro- 
posphere only and reaches a maximum, ~282 W m ”, that is inde- 
pendent of the surface temperature’. If the planet absorbs more than 
this critical flux, thermal equilibrium can be restored only by vapori- 
zing all the water available and reaching high surface temperatures at 
which the surface starts to radiate at visible wavelengths*’. This is the 
runaway greenhouse state’. 
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stellar radiation (ASR; grey dashed) and outgoing long-wave radiation 

(OLR; grey dotted) for the insolations in a (c) and b (d). The red horizontal line 
shows the radiation limit on the emitted flux for a saturated water atmosphere 
(282 Wm ”). As visible in the hot case, unsaturated subtropical regions allow the 
atmosphere to emit more than this limit. 


1Laboratoire de Météorologie Dynamique, Institut Pierre Simon Laplace, 4 Place Jussieu, BP 99, 75252 Paris, France. Department of Geological Sciences, University of Chicago, Chicago, Illinois 60637, 


USA. 


268 | NATURE | VOL 504 | 12 DECEMBER 2013 


©2013 Macmillan Publishers Limited. All rights reserved 


a 
<S q 
oO 
5 
o q 
o | 
a 
E q 
oO 
Re 
380 
b 
=--e-__ 1 
a “& Bond albedo 
. 
9 0.25 Ss | 
3 w 
2 N 
<x 0.20F 1 
v~0-- 
Surface albedo 
0.155 | 
0.10 1 1 1 
340 350 360 370 380 
c 40 — 
eet @rr ttt @r=22., 9 Long-wave 
FT 20, @r- =O" ‘e--e---0 = | 
E 
2 Or e--2--2 1 
6S } r 4 
& -20|e-e--e @ eo 4 
me} 
= 
2 
oO -40-+ 4 
Short-wave 
-60 1 1 1 1 
340 350 360 370 380 


Solar flux (W m-?) 


Figure 2 | Evolution of the mean surface temperature, planetary albedo and 
cloud radiative forcing with the mean solar incoming flux. Curves start from 
present Earth conditions (~341 W m ”).a, Average surface temperature in our 
3D baseline model (solid) and temperature in the 1D cloud-free model 
(dashed). b, Average surface albedo (solid) and effective planetary albedo 

(or Bond albedo; dashed). c, Short-wave (solid), long-wave (dotted) and net 
(grey dashed) cloud radiative forcing in the baseline model. 
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Because it has mostly been studied using one-dimensional (1D) 
atmosphere models, the aforementioned mechanism strongly relies 
on the assumption that the troposphere is saturated in water vapour. 
Furthermore, by construction, these studies could not account for spa- 
tial inhomogeneities in insolation and in the resulting water vapour and 
cloud distributions*®’. To overcome these limitations, we have deve- 
loped a three-dimensional (3D) global climate model fit to describe hot 
atmospheres in which water vapour can become a dominant species’? 
(Methods). The main challenges of such a model are threefold. First, the 
radiative transfer must be fast, yet able to describe accurately the spec- 
troscopic properties of various gases in a wide temperature—pressure 
domain. Second, the modelling of the physical processes that are not 
specific to a given planet (convection, turbulence and so on) must rely 
on the fewest free parameters possible to ensure its validity under 
stringent conditions. Finally, for hot, moist atmospheres, the descrip- 
tion of the water cycle (moist convection, cloud formation and so on) 
must take into account the fact that water can become a major constituent 
of the atmosphere. For these reasons, the global climate models usually 
used to predict Earth climate are generally not suited for such studies. 

Here we perform simulations of future Earth climate by running our 
baseline model for various (increasing) values of the solar constant until 
radiative balance is achieved. For the present solar flux (F, ~ 341 W m ”), 
our generic model reproduces the energy budget and the character- 
istics of our climate’* (Fig. 1). When the flux is increased, the planet 
undergoes a decrease in surface albedo that is due to the melting of the 
permanent polar ice caps and the reduced seasonal snow cover (Fig. 2). 
For fluxes greater than ~350 Wm ~, only seasonal ice caps appear 
during the polar night. The amount of water vapour also increases. This 
results in a more efficient absorption of the incoming stellar light, but 
also in an enhanced greenhouse effect, which tends to homogenize the 
surface temperatures. Although continental surfaces can reach tempe- 
ratures of around 100 °C because of the intense solar and greenhouse 
heating, sea surface temperatures remain moderate with a small diurnal 
variation because they are thermodynamically controlled by latent 
heat cooling". Finally, for fluxes greater than ~375 W m_’, no ther- 
mal equilibrium exists. Although surface temperature increases with 
time, thermal emission reaches a limiting value. This is the onset of the 
runaway greenhouse instability. 

This runaway greenhouse insolation threshold is greater than those 
recently found by previous 1D studies®’ and confirmed by our 1D model 
(Extended Data Fig. 1). To understand the mechanisms that increase 
this threshold in practice, we first analyse the radiative effect of clouds. 
Although 1D simulations cannot properly capture spatial variations 
in cloud distribution, it has been suggested that clouds should have a 
feedback effect that stabilizes the climate against the runaway greenhouse 


a g0F ; 1 ; m4 be 1 : ; ; y 
X\ 
60 { {| | 
/ 
\ 
E 
= 
S 40f ly iE | 
= 
z 
20} ft i NN ! 
ht 
Nis f 
KH 
\ 
ea! 
AI 
OL Ins Ni 


200 250 


Temperature (K) 


7150 


300 


107 10° 10% 


10° 
Water vapour (kg kg7) 


1071 


Figure 3 | Evolution of globally 
averaged vertical profiles. Mean 
vertical profiles of temperature (a) 
‘ and water-vapour (b) and 
condensed-water (c) mixing ratios 
J (in kilograms per kilogram of moist 
air in b and c) for four different 
insolations: 341 Wm ~ (solid); 
: | 353Wm ~ (long dashed); 

Tree. 365 Wm ~* (dashed); 375 Wm 7 
(dotted). 


Co T T T — —y 


Sen z = — 
0 1 2 3 4 5 
Cloud (10-5 kg kg“) 


12 DECEMBER 2013 | VOL 504 | NATURE | 269 


©2013 Macmillan Publishers Limited. All rights reserved 


LETTER 


effect*®. This tentative conclusion was based on the fact that the pre- 
sent net cloud radiative forcing on the Earth is negative, meaning that 
the albedo increase due to low-level clouds exceeds the greenhouse effect 
of high-level clouds’*. Because of the increased evaporation resulting 
from the warming, cloud thickness might therefore increase and enhance 
the stabilizing effect of clouds*®. 

Our simulations of the evolution of radiative cloud forcing with inso- 
lation suggest the opposite (Fig. 2c). This is due to a displacement of the 
cloud formation region towards higher altitudes (Fig. 3). Asa result, the 
temperature at the mean cloud emission level increases much less with 
insolation than does the surface temperature. Even though the cloud 
optical depth increases, the greenhouse feedback of the clouds exceeds 
their albedo effect. At higher fluxes, clouds become thinner, which reduces 
both long-wave and short-wave radiative cloud forcing. For the reason 
described above, however, the greenhouse effect of clouds prevails and 
the net radiative forcing tends to vanish. 

There are several reasons for the vertical displacement of clouds. 
First, moist convection and Hadley circulation become more intense as 
the insolation increases, extending the troposphere. Second, to form 
and persist, clouds need to be able to lose the latent heat released during 
condensation. Because of the infrared opacity increase of the atmo- 
sphere, the altitude at which clouds can efficiently cool radiatively rises. 
This may explain both the progressive disappearance of low-level clouds 
and the small change in cloud-deck temperature seen in Fig. 3. 

Although the tendencies described above should be robust, the precise 
value of the cloud radiative forcing does depend on the assumptions 
made about the cloud microphysics. In our baseline model, for instance, 
we assume that the number density of cloud condensation nuclei, that 
is, the number of cloud particles per unit mass of air, remains fixed at a 
value that is representative of the modern Earth. As is expected, a larger 
mass mixing ratio of condensed water thus entails bigger cloud part- 
icles, which precipitate more easily and have a smaller radiative effect. 
To explore, and put limits on, the possible behaviour of clouds, we 
conducted a set of simulations in which the radii of cloud particles were 
kept constant. This assumption results in smaller radii, and thus over- 
estimates cloud optical depths and both short- and long-wave cloud 
forcing. As can be seen in Extended Data Fig. 2, long-wave and short- 
wave forcing indeed increase continuously with insolation. However, 
for the reasons mentioned above, the greenhouse effect of clouds even- 
tually overcomes the albedo effect. Therefore, the fact that the cloud 
feedback has a destabilizing effect under extreme insolation seems a 
robust conclusion, and one that supports results obtained in the con- 
text of anthropogenic global warming’. 

Clouds might not help stabilize climate against solar flux increases, 
but atmospheric dynamics does. This is due to the fact that when a parcel 
of moist air is heated without any source of moisture, its water vapour 
pressure decreases relative to the saturation pressure. As a result, the 
Earth’s troposphere itself is not saturated everywhere, unlike what is 
often assumed in 1D models. An example of this are sub-tropical regions 
receiving hot air that comes from the Hadley cell, which dries during its 
ascent in the tropics and is compressed adiabatically during its descent”’ 
(Fig. 4). Because they stabilize the Earth’s tropics today, such dynam- 
ically unsaturated regions where the water-vapour greenhouse effect is 
reduced stabilize the climate against the runaway greenhouse effect by 
playing the role of ‘radiative fins’ where the emission can locally exceed 
the maximum emission for a saturated atmosphere’*" (Fig. 1). 

Furthermore, these unsaturated regions have the interesting prop- 
erty of extending upwards and polewards with the Hadley cell (Fig. 4), 
and of getting dryer when the insolation increases’” (Extended Data 
Figs 3 and 4). Such unsaturated regions, which cannot be predicted 
using a 1D model, ensure that the infrared photosphere is always at a 
lower altitude than in the saturated case, yielding a more efficient cool- 
ing to space. This stabilizing feedback is the main reason why the run- 
away greenhouse insolation threshold predicted by 3D simulations is 
greater than previously found. And it would be even greater if it were 
not for the positive cloud feedback (Methods). 
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Figure 4 | Meridional distribution of relative humidity. Zonally and 
annually averaged relative humidity for models in which the respective stellar 
fluxes are 341 (a), 365 (b) and 375 (c) Wm ~. White contours are streamlines 
showing the Hadley circulation (solid and dashed curves depict clockwise 
and anticlockwise rotation, respectively). 


With this new estimation, the inner edge of the habitable zone for 
Earth-like planets in the Solar System is pushed inwards to ~0.95 au, 
which means that the Earth should not enter a runaway greenhouse 
state for at least another billion years”. However, the question of whether 
or not the warming-induced increase in the stratospheric temperature 
and humidity could cause the loss of the oceans to atmospheric escape 
before the runaway greenhouse instability is triggered, as suggested by 
some 1D studies*®, is still subject to debate. Our simulations tend to 
answer this question in the negative. This is due to both non-grey radi- 
ative effects'**?”? (Methods) and unsaturated regions that flatten the 
thermal profile in the troposphere. As a result, stratospheric tempera- 
tures are much lower than anticipated and stratospheric humidity can- 
not reach the threshold needed for efficient water photodissociation 
and escape of hydrogen to space (Fig. 3). 
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As wellas extending the habitable zone”’ towards the Sun, our results, 
more notably, highlight the fact that global climate models are needed to 
understand subtle climate feedbacks resulting from the inhomogeneous 
insolation of planetary surfaces that are not amenable to 1D modelling. 
Although adding complexity and uncertainties, these subtle effects must 
be accounted for when modelling real planets, especially tidally synchro- 
nized exoplanets where they are even more pronounced’*”*”*, In par- 
ticular, although our simulation suggest that Venus, ifit had the Earth’s 
rotation rate, would have been in a runaway greenhouse state since its 
formation, its slow retrograde motion (because it results in a long Solar 
day) or a small water inventory'*”* could completely change that view: 
both of these effects would tend to stabilize planetary climates against a 
runaway greenhouse state, respectively by increasing the albedo effect 
of clouds or by reducing the greenhouse effect of water vapour. 


METHODS SUMMARY 


Our simulations were performed with an upgraded version of the LMD generic 
global climate model specifically developed for the study of extrasolar planets'®!*”” 
and palaeoclimates"”*. The model uses the 3D dynamical core of the LMDZ Earth 
global climate model used in studies by the Intergovernmental Panel on Climate 
Change studies”, which is based on a finite-difference formulation of the primitive 
equations of geophysical fluid dynamics. 

General physical processes relevant for present-day Earth—including ground 
thermal inertia and albedo (Extended Data Fig. 5), turbulent transport, dry con- 
vection, evaporation/condensation and precipitation—are parameterized in the 
most physically based way to ensure the robustness of the model under extreme 
conditions’. For the present study, special care has been taken to treat properly the 
situation in which water vapour can become a major constituent of the atmosphere. 
As detailed in Methods, the radiative transfer and moist convection scheme have 
been validated by recent 1D results for the hot, pure-water atmosphere regime 
(Extended Data Fig. 1). A numerical scheme accounting for change in atmospheric 
mass and surface pressure with water-vapour evaporation/condensation has also 
been implemented. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Parvalbumin-expressing basket-cell network plasticity 
induced by experience regulates adult learning 


Flavio Donato’, Santiago Belluco Rompani! & Pico Caroni' 


Learning and memory processes can be influenced by recent experi- 
ence, but the mechanisms involved are poorly understood. Enhanced 
plasticity during critical periods of early life is linked to differenti- 
ating parvalbumin (PV)-interneuron networks’ ”’, suggesting that 
recent experience may modulate learning by targeting the diffe- 
rentiation state of PV neurons*' in the adult. Here we show that 
environmental enrichment and Pavlovian contextual fear conditio- 
ning induce opposite, sustained and reversible hippocampal PV- 
network configurations in adult mice. Specifically, enrichment 
promotes the emergence of large fractions of low-differentiation 
(low PV and GAD67 expression) basket cells with low excitatory-to- 
inhibitory synaptic-density ratios, whereas fear conditioning leads to 
large fractions of high-differentiation (high PV and GAD67 expres- 
sion) basket cells with high excitatory-to-inhibitory synaptic-density 
ratios. Pharmacogenetic inhibition or activation of PV neurons 
was sufficient to induce such opposite low-PV-network or high-PV- 
network configurations, respectively. The low-PV-network confi- 
guration enhanced structural synaptic plasticity'’*’’, and memory 
consolidation and retrieval, whereas these were reduced by the high- 
PV-network configuration. We then show that maze navigation 
learning’* induces a hippocampal low-PV-network configuration 
paralleled by enhanced memory and structural synaptic plasticity 
throughout training, followed by a shift to a high-PV-network con- 
figuration after learning completion. The shift to a low-P V-network 
configuration specifically involved increased vasoactive intestinal 
polypeptide (VIP)-positive GABAergic boutons and synaptic trans- 
mission onto PV neurons’*’*. Closely comparable low- and high- 
PV-network configurations involving VIP boutons were specifically 
induced in primary motor cortex upon rotarod motor learning’”®. 
These results uncover a network plasticity mechanism induced after 
learning through VIP-PV microcircuit modulation”, and invol- 
ving large, sustained and reversible shifts in the configuration of 
PV basket-cell networks in the adult. This novel form of experience- 
related plasticity in the adult modulates memory consolidation, 
retrieval and learning, and might be harnessed for therapeutic strat- 
egies to promote cognitive enhancement and neuroprotection. 

To determine whether plasticity and learning in the adult may 
involve alterations in the differentiation state of PV-positive GABA 
(y-aminobutyric acid)-ergic interneurons, we monitored PV immuno- 
reactivity in ensembles of genetically identified PV neurons near the 
pyramidal cell layer in dorsal hippocampal area CA3b (Supplementary 
Discussion). We initially compared cage control to environmentally 
enriched, and to contextually fear conditioned mice. The environmental 
enrichment protocol enhances hippocampal plasticity and learning’*”’, 
whereas fear specifically restricted to training context depends on enhanced 
filopodial synapses onto PV neurons by hippocampal mossy fibres upon 
contextual fear conditioning”. The PV-neuron group with lowest PV 
signals (low-PV) represented 2+ 0.8% of the total number of PV neu- 
rons, whereas the group with highest PV levels (high-PV) represented 
19+ 2% of the total number of PV neurons (n = 15 mice). Housing mice 
under environmentally enriched conditions induced a robust increase 
in low-PV neurons, whereas contextual fear conditioning greatly 


enhanced high-PV-neuron contents (Fig. la and Supplementary dis- 
cussion). Total numbers of PV neurons were not affected by these 
experimental conditions (CA3b PV-neuron numbers per 50,000 jum” 
within 150 jum of the pyramidal cell layer were 20.0 + 0.9 (control), 19.3 
+ 1.4 (environmentally enriched) and 21.2 + 1.7 (contextual fear con- 
ditioning); n = 18 mice each). Under all experimental conditions, PV 
immunoreactivity in individual interneurons was closely correlated to 
GAD67 immunoreactivity (Pearson correlation, 0.92; Fig. 1b and 
Extended Data Fig. 2). GAD67 is a key GABA-synthesizing enzyme that 
links synaptic activity to GABA levels, regulates PV neuron synaptogenesis 
and is a differentiation marker of PV neurons”. An analysis of PV neu- 
rons in postnatal hippocampal CA3b revealed that at the time of eye 
opening, PV distributions resemble the low-PV configuration induced 
in the adult after environmental enrichment (Fig. 1c and Extended 
Data Fig. 3). 

To investigate how defined subpopulations of PV neurons are influ- 
enced by experience, we analysed presynaptic terminals of basket and 
chandelier cells, the two main subpopulations of hippocampal PV neu- 
rons in CA3. PV immunoreactivity signals were comparable at soma, 
axonal boutons and dendrites of individual PV basket cells (Fig. 1d). 
Perisomatic PV-bouton immunoreactivity distributions for individual 
baskets were closely comparable to those of the whole PV network for 
each experimental condition (Figs le and Extended Data Fig. 4a, b). 
This was in contrast to the distribution of PV boutons onto axon initial 
segments established by chandelier cells, which were not detectably 
affected by experience (Fig. 1f and Extended Data Fig. 4c). Therefore, 
experience specifically affects PV and GAD67 levels in basket cells. 

To investigate behavioural and structural counterparts of PV-network 
configurations, we probed incidental learning and memory using a 
familiar-object-recognition protocol’? (FOR protocol, also known as 
novel-object recognition; see Supplementary Discussion), and mossy- 
fibre synapse turnover using a transient protein synthesis inhibition 
assay in situ’. Environmentally enriched mice exhibited enhanced FOR 
(Fig. 1g), more c-Fos-positive neurons in CA3b after FOR (Extended 
Data Fig. 5), and enhanced active-zone turnover at mossy-fibre termi- 
nals (Fig. 1g). By contrast, mice that underwent contextual fear con- 
ditioning 2 h after acquisition performed worse than controls on FOR 
retrieval, exhibited less c-Fos-positive neurons in CA3b upon FOR, 
and exhibited much reduced synapse turnover (Fig. 1g and Extended 
Data Fig. 5). To rule out stress-related effects on incidental learning 
and memory, we fear-conditioned mice in the dark; that is, under con- 
ditions not involving the hippocampus”. Mice that were fear condi- 
tioned in the dark froze in response to a conditioned stimulus (tone), 
but exhibited no PV network configuration shift in CA3b (Extended 
Data Fig. 5), and were indistinguishable from controls in FOR (Fig. 1g 
and Extended Data Fig. 5). 

To investigate the mechanisms underlying shifts in PV-network con- 
figuration upon experience, we analysed densities of Bassoon and 
PSD95 excitatory synaptic puncta and of VGAT and gephyrin inhib- 
itory synaptic puncta along PV-positive dendrites in CA3b in PV-Cre X 
Rosa-CAG-STOP-tdTomato mice, in which PV neurons were labelled 
genetically (Fig. 2a and Extended Data Fig. 6a). Fear conditioning nearly 
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doubled average excitatory puncta densities in all strata (Fig. 2b). By 
contrast, environmental enrichment did not affect excitatory puncta 
densities (Fig. 2b), but doubled average inhibitory puncta densities onto 
PV dendrites (Fig. 2b). The marked increase in inhibitory puncta densi- 
ties upon environmental enrichment affected VIP-positive and VIP- 
negative’*’*"? boutons to comparable extents (Extended Data Fig. 6b). 

To investigate whether the relationship between PV-network con- 
figuration and excitatory-inhibitory synaptic puncta densities might 
apply at the level of individual PV neurons, we plotted synaptic puncta 
densities against PV-labelling intensities for individual PV-dendrite 
stretches for each experimental condition. Regardless of whether they 
were plotted within experimental conditions or in pooled form, the data 
points fitted comparable and robustly significant reciprocal power laws 
(Pearson correlation Bassoon-PV, 0.90, P< 0.0001; Pearson correla- 
tion gephyrin-PV, 0.81, P< 0.0001; Fig. 2c and Extended Data Fig. 6c). 
Therefore, excitatory—inhibitory synaptic puncta densities adjust at the 
level of individual PV neurons, in parallel with alterations in PV- and 
GAD67-expression levels in those same PV neurons. 

To determine whether enhanced excitation of PV neurons might be 
sufficient to induce a high-PV-network configuration shift we took an 
optogenetic approach” in slice cultures from PV-Cre mice. Direct photo- 
stimulation of PV neurons specifically induced a transient high-PV- 
network configuration 6h after light stimulation (Fig. 2d, e and Extended 
Data Fig. 7a). To determine whether PV-network configuration shifts 
are sufficient to influence hippocampal memory and synapse turn- 
over, we took a pharmacogenetic approach in vivo (Supplementary 
Discussion)**. Expressed channels were activated transiently (1.5-2 h 
(ref. 24)) using a specific ligand delivered systemically at 12-h intervals 
(Fig. 2f). Ligand delivery and behavioural protocols were scheduled so 
that ligand-mediated channel activation did not overlap in time with 
behavioural testing. PV-neuron inhibition was sufficient to specifically 
induce a hippocampal low-PV-network configuration, enhanced FOR 
performance and enhanced synapse turnover (Fig. 2f). Similarly, PV- 
neuron activation was sufficient to specifically induce a hippocampal 
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Figure 1 | Differentiation plasticity of 
hippocampal parvalbumin-expressing basket- 
cell networks in adult mice. a, Experience-related 
plasticity of PV neurons. Arrows, high-PV-signal 
(dark blue), intermediate high-PV-signal (blue), 
intermediate low-PV-signal (gold) and low-PV- 
signal (yellow) neurons. White arrows indicate PV 
basket-cell terminals. Relative contents of PV 
neurons in control (Ctrl), environmentally 
enriched (EE, 3 weeks) and contextually fear 
conditioned (cFC, dayl) mice. n = 15 mice each 
(50 neurons per mouse). b, Differentiation 
plasticity of PV neurons in the adult. PV- and 
GAD67-signal relationship in individual PV 
neurons from Ctrl, EE and cFC mice. n = 5 mice 
each (50 neurons per mouse). c, PV-network 
configuration during maturation of hippocampal 
CA3 (CA3b). m = 8 mice each. Colours as in a. 

d, PV immunoreactivity in Soma (So), dendrites 
(Den) and terminal boutons (Bask) of individual 
PV-expressing basket cells. n = 8-10 dendrite 
stretches or 30-50 boutons per cell. e, PV-bouton 
distribution at individual pyramidal neuron 
perisomatic baskets. n = 60 neurons (3 mice) each. 
Colours as in a. f, PV-bouton labelling intensities at 
axon initial segments (chandelier cells). n = 60 AIS 
(3 mice) each. Colours as in a. g, PV-network 
configuration correlated to memory consolidation 
and retrieval (left, FOR), and synapse turnover 
(right). n = 8 mice cFC, and 3 mice and 40 
mossy-fibre terminals each (mossy-fibre-terminal 
active-zone densities). Colours as in a. NS, not 
significant. Values are means + s.e.m. Scale bars, 
20 um (a, d); 10 pm (b); 5 pum (e, f). *P < 0.05; 
**P <0.01; ***P < 0.001. 
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high-PV-network configuration, diminished FOR performance and 
greatly reduced synapse turnover (Fig. 2f, Extended Data Figs 7c, 8). 

To determine whether experience-related alterations in hippocampal 
memory and synaptic plasticity depend on specific hippocampal shifts 
in PV-network configuration, we exposed mice to environmental enrich- 
ment or contextual fear conditioning to induce corresponding PV- 
network configuration shifts, then induced opposite PV-network shifts 
through pharmacogenetics. We determined whether this was sufficient 
to reverse the effects of experience on behaviour and plasticity. Enhan- 
cing PV-neuron activation in enriched mice switched their PV neurons 
to a high-PV-network configuration, and reversed FOR performance 
to levels comparable to those of fear-conditioned mice. Similarly, inhi- 
biting PV neurons in fear-conditioned mice switched their PV neurons 
to a low-PV-network configuration, which was sufficient to reverse FOR 
performance to resemble that of environmentally enriched mice (Fig. 2g). 
Taken together, these results provided causal evidence that the changes 
in memory and structural synaptic plasticity induced by experience are 
due to corresponding alterations in PV-network configuration (Fig. 2h 
and Supplementary Discussion). 

Given that the shift to low-P V-network configuration in CA3 facili- 
tates memory consolidation and retrieval, and that environmental enrich- 
ment improves several forms of learning and memory, we reasoned 
that incremental trial-and-error learning tasks during which animals 
must effectively combine and retrieve previous task-related memories 
to adjust and improve performance might involve similar shifts to a 
low-PV-network configuration. Accordingly, we analysed the com- 
position of PV networks in hippocampal CA3 as mice learned to navi- 
gate a Morris water maze (MWM"*). The learning phase of the MWM 
(Fig. 3a) was accompanied by a shift to a low-PV-network configura- 
tion closely comparable to environmental enrichment, whereas the 
establishment of a robust reference memory at the end of the learning 
protocol was accompanied by a shift to a high-PV-network closely com- 
parable to contextual fear conditioning (Fig. 3b). Similarly, mice 
undergoing MWM learning exhibited first higher and then lower 
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Figure 2 | Configuration shifts in parvalbumin-expressing networks 
modulate hippocampal synaptic structural plasticity and learning in the 
adult. a, b, Excitatory (Bassoon) and inhibitory (gephyrin) synaptic puncta 
densities along PV dendrites in CA3b stratum lucidum (SL), radiatum (SR) and 
oriens (SO). Average values from 5 mice (30 PV-dendrite stretches per mouse) 
each. Presynaptic inputs onto PB neurons are shown in a. c, Local densities of 
excitatory and inhibitory synaptic puncta as a function of PV immunoreactivity 
signal. High-PV and low-PV ranges are indicated by the blue and yellow bars. 
d, Optogenetic activation of PV neurons (effect of PV-ChR2 in vitro on 
PV-network configuration); 3 slice cultures and 15-20 PV neurons each. 

Left, schematic of excitatory (circles) and inhibitory (line) inputs onto PV 


synapse turnover at mossy-fibre terminals (Fig. 3c), and first enhanced 
and then reduced FOR performance (Fig. 3d). In control experiments, 
mice subjected to the same protocol but in the absence of a learning 
goal (‘swim control’; no hidden platform) exhibited no shifts in hip- 
pocampal PV-network configuration (Fig. 3b). 

The first day of MWM training, which consisted of four 60-s sessions 
with visible platform, was sufficient to induce a shift to low-P V-network 
configuration and improved FOR retrieval on day 2 (Figs 3b, d-f). The 
low-PV-network shift reversed to baseline after seven but not after three 
training-free days, in close correspondence with FOR performance and 
the effectiveness of maze learning” (Figs 3e, f). To determine whether 
the shift to high-P V-network configuration at the end of MWM learn- 
ing reflects the establishment of a spatial reference memory, or rather 
an absence of spatial prediction errors as mice have learned the spatial 
map, we carried out MWM experiments in which the relative positions 
of orientation cues were altered daily from day 5 of training (Fig. 3g). In 
spite of the match-mismatch regime, mice learned to rapidly locate the 
hidden platform (Fig. 3h), and acquired a spatial reference memory 
(Fig. 3i). Notably, however, the PV-neuron network in CA3 remained 
in the low-PV configuration characteristic of the maze learning phase 
(Fig. 3), and the mice continued to exhibit a high performance in the 
FOR task (Fig. 3k). Taken together, these results suggested that hippo- 
campal CA3 induces and maintains a low-PV-network configuration 
as long as a clear mismatch is detected between task-related prediction 
and actual experience, and that it switches to a high-P V-network configu- 
ration once predicted and real representations are consistently matched. 

To investigate circuit mechanisms that regulate shifts in PV-network 
configuration during maze learning, we analysed synaptic puncta dis- 
tributions onto CA3 PV neurons as mice learned the MWM. The shift 
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neuron (in green). e, Schematic of how synaptic activity might induce 
alterations in gene expression and synapse densities onto PV neurons. 

f, Shifting hippocampal PV-interneuron (IN) network configurations through 
pharmacogenetic activation (Act) and inhibition (Inh) modulates synaptic 
structural plasticity and learning. n = 6 mice each (50 neurons and 40 mossy 
fibre terminals per mouse). g, h, Shifting hippocampal PV network 
configurations through pharmacogenetic activation and inhibition reverses the 
effects of EE and cFC on synaptic structural plasticity and learning. n = 6 mice 
each (50 neurons and 40 mossy-fibre terminals per mouse). Colours in g are the 
same as for f. Values are means + s.e.m. Scale bars, 2 [um (a, left panel); 

1 um (a, middle and right panels). **P < 0.01; ***P < 0.001; ****P < 0.0001. 


to a low-PV-network was accompanied by an increase in inhibitory 
synaptic puncta densities onto PV neurons, and the shift to a high-PV- 
network configuration was accompanied by an increase in excitatory 
puncta densities (Fig. 4a). However, in marked contrast to environ- 
mental enrichment and contextual fear conditioning, increases in syn- 
aptic puncta density after MWM learning were highly input-specific. 
Thus, VIP-positive bouton densities in stratum radiatum specifically 
increased together with the low-PV-network shift, and stratum lucidum 
excitatory puncta densities (mossy-fibre input) specifically increased with 
the high-PV-network shift (Fig. 4a and Supplementary Discussion). 
We next investigated the role of VIP neurons in regulating shifts in 
PV-network configuration and learning during maze navigation. Direct 
optogenetic stimulation of VIP neurons in vitro was sufficient to induce 
a transient low-PV-network configuration in hippocampal slice cul- 
tures (Fig. 4b), providing evidence that VIP neurons can regulate PV- 
neuron configurations. In vivo, transient inhibition of VIP neurons or 
activation of PV neurons through targeted channel expression and 
ligand delivery at 12-h intervals, 6 h outside of MWM learning time 
windows induced a robust shift to a high-PV-network configuration, 
prevented the shift to a low-PV-network configuration associated with 
maze learning and suppressed maze learning (Fig. 4c). The pharmaco- 
logical channel ligand has been shown to be active during the first 
1.5-2 h after delivery”, suggesting that its effects on MWM learning 
were due to shifts in PV network configuration and not due to acute 
effects on PV- or VIP-neuron activity during behaviour. In comple- 
mentary conventional pharmacology experiments, VIP greatly increased 
low-PV-neuron fractions during MWM learning, whereas a VIP recep- 
tor antagonist prevented the shift to a low-PV-network configuration 
(Fig. 4d). Similarly, VIP-treated mice learned more rapidly to locate the 
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Figure 3 | Maze trial-and-error learning involves early PV-network shift to 
low-PV configuration, and shift to high-PV configuration upon learning 
completion. a-d, MWM learning curve (a; symbols indicate spatial cues), 
PV-network configuration in CA3b during MWM learning (b), and 
corresponding synaptic structural plasticity (c) and FOR performances (d). 

n = 6-10 (a, b, d) and 4 (c) mice each. e, f, PV-network shift and enhanced 
learning upon 1 day of MWM training. Horizontal bar, value in cage control 
mice. n = 4 mice per time point and condition. g-k, Persistence of low-PV 


hidden platform, and already established a reference memory on day 4 
(Fig. 4d and Extended Data Fig. 9a). By contrast, mice treated locally 
with VIP antagonist were severely impaired in learning to navigate the 
MWM (Fig. 4d), and failed to establish a reference memory after 10 
days of training (Extended Data Fig. 9a). 


MWM training (day) 


Reference memory day 10 M-Mism. day 10 M-—Mism. day 10 


configuration in spite of spatial learning when external cues are rearranged 
daily, from training day 5 onwards. Schematic of match-mismatch protocol 
indicating that the spatial cues were shifted daily, which started from day 5 
(g), corresponding learning curve (h), reference spatial memories on day 10 
(i), PV-network configuration on day 10 for match-mismatch (M-Mism.) 
protocol (j), and corresponding FOR performance (k). Values are means 

+ s.e.m.n = 8 mice. *P< 0.05; **P < 0.01; ***P < 0.001. 


To determine whether learning-related shifts in PV-network con- 
figuration might be generally associated with trial-and-error learning, 
we investigated PV neurons in primary motor cortex M1 as mice learned 
to stay on an accelerating rotating rod. Like the MWM, this motor-skill 
task involves incremental learning during several days (Fig. 4e), but 
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Figure 4| A PV-VIP microcircuit controls PV-network configuration and 
behavioural performance during incremental learning. a, Specific 
connectivity rearrangements onto PV neurons during MWM learning. n = 4 
mice and 15-20 PV neurons each. b, Optogenetic activation of VIP-positive 
interneurons in slice cultures (effect of PV-ChR2). n = 3 slice cultures and 
15-20 PV neurons each. c, Pharmacogenetic activation (PV neurons) or 
inhibition (VIP neurons) during MWM learning. n = 6 mice each (50 neurons 
per mouse). d, VIP-interneuron modulation of hippocampal PV network and 
behavioural performance. n = 4 mice and 20 neurons per mouse each. 


RR training (day) RR training (day) 


Veh., vehicle; VIP-R, VIP receptor. e-g, Learning curve (rotarod performance) 
(e), PV immunoreactivity in primary motor cortex (M1) (f), and PV-network 
configuration in M1 layer 2/3 (g) during rotarod learning. n = 6 (activity Ctrl), 
6 (2 days), 8 (7 days). VI, layer 6. h, Specific connectivity rearrangements 
onto PV neurons during rotarod learning. n = 4 mice and 15-20 PV neurons 
each. i, Model of how incremental learning involves early VIP-neuron-induced 
low-PV network configuration, followed by excitation-mediated high-PV 
network configuration. Values are means ~ s.e.m. Scale bars, 10 jum (b) and 
80 yum (f). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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unlike the MWM it involves cerebellum and motor cortex'”’’, and not 
the hippocampus. Rotarod learning produced a major shift to a low- 
PV-network configuration in M1 during the learning phase, anda large 
shift to a high-PV-network as the learning curve became saturated after 
7 days of training (Fig. 4f, g). As in the hippocampus, the shifts in PV- 
network were associated with alterations first in inhibitory synaptic puncta 
densities onto PV dendrites (low-PV configuration) and then with an 
increase in excitatory synaptic puncta densities (high-PV configura- 
tion; Fig. 4h). Notably, and as in the hippocampus, the increase in inhi- 
bitory synaptic puncta during learning was specific for VIP-positive 
boutons (Fig. 4h). The learning-related shifts in PV network and plas- 
ticity were highly system-specific: MWM (hippocampal) learning did 
not induce PV neuron changes in M1, whereas motor learning indu- 
ced no alterations in PV neurons or mossy-fibre structural plasticity in 
the hippocampus, and no changes in hippocampus-dependent FOR 
(Extended Data Fig. 10a-d). 

Our results reveal a specific circuit mechanism through which recent 
experience modulates plasticity, memory consolidation and retrieval, and 
learning in the adult (Extended Data Fig. 1). We provide evidence that PV 
basket cells, whose differentiation regulates critical period plasticity’, 
exhibit pronounced differentiation plasticity in the adult, and that this 
involves major structural alterations in excitatory and inhibitory syn- 
aptic puncta densities* onto PV neurons (Fig. 4i). These alterations 
might facilitate excitatory recruitment of high-PV- and high-GAD67- 
expressing basket cells and reduce excitatory recruitment of low-PV 
and low-GAD67-expressing basket cells. The shift to a low-PV-network 
configuration might facilitate the combination, consolidation and retrie- 
val of associations established by comparatively weak synaptic networks 
during incremental trial-and-error learning, whereas the shift to a high- 
PV-network configuration might promote the establishment of strong 
memories by comparatively strong synaptic networks and prevent estab- 
lishment and retrieval of distractor memories. In addition, shifts to low- 
PV-network configurations might prevent premature establishment of 
dominant memories, whereas high-PV-network shifts might strengthen 
appropriate memories and enhance feedforward entrainment upon 
skill learning due to enhanced gamma coherence””*”*. Reductions in 
PV and GAD67 levels have been consistently detected in patients with 
schizophrenia”, suggesting that dysfunction of excitation-inhibition 
microcircuits involving PV-network regulation may underlie cogni- 
tive disruption in this devastating psychiatric condition. 


METHODS SUMMARY 


Behavioural experiments were carried out with male mice (postnatal day 55 (P55)- 
P75 at onset), as described previously'’?”°”’. 

For the PV- and GAD67-intensity analysis, a comparative analysis revealed a 
cluster of low PV intensities (threshold: 800 arbitrary confocal units (au)) that were 
present early during development (P15), absent in adult control samples (P60), and 
induced after environmental enrichment. The 800-au threshold was adopted to 
classify PV neurons into four subclasses as follows: low PV, 0-800 au; intermediate- 
low PV, 800-1,600 au; intermediate-high PV, 1,600-2,400 au; high PV, >2,400 au. 

For pharmacology, local treatments were carried out on consecutive days, through 
implanted cannulas (33G, Bilaney Consultants). 

For direct local PV- or VIP-neuron control in vivo we delivered floxed PSAM- 
carrying AAV9 bilaterally in dorsal, intermediate and ventral hippocampus in 
55- to 70-day-old PV-Cre or VIP-Cre male mice. The agonist PSEM*** was 
injected intraperitoneally at 12-h intervals at the concentration of 5 pg g of 
animal weight. Behavioural training or testing was performed 6 h post injection. 

Unless otherwise stated, statistical groups were compared using unpaired, non- 
parametric Student's t-test. One-way analysis of variance (ANOVA) was used for 
comparisons of multiple samples. Average values are expressed as means + s.e.m. 
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architecture in skin development and repair 


Ryan R. Driskell'*, Beate M. Lichtenberger’**, Esther Hoste***, Kai Kretzschmar!**, Ben D. Simons*, Marika Charalambous’, 
Sacri R. Ferron’, Yann Herault®, Guillaume Pavlovic’, Anne C. Ferguson-Smith° & Fiona M. Watt? 


Fibroblasts are the major mesenchymal cell type in connective 
tissue and deposit the collagen and elastic fibres of the extracellular 
matrix (ECM)’. Even within a single tissue, fibroblasts exhibit con- 
siderable functional diversity, but it is not known whether this 
reflects the existence of a differentiation hierarchy or is a response 
to different environmental factors. Here we show, using trans- 
plantation assays and lineage tracing in mice, that the fibroblasts 
of skin connective tissue arise from two distinct lineages. One 
forms the upper dermis, including the dermal papilla that regulates 
hair growth and the arrector pili muscle, which controls piloerection. 
The other forms the lower dermis, including the reticular fibroblasts 
that synthesize the bulk of the fibrillar ECM, and the preadipocytes 
and adipocytes of the hypodermis. The upper lineage is required for 
hair follicle formation. In wounded adult skin, the initial wave of 
dermal repair is mediated by the lower lineage and upper dermal 
fibroblasts are recruited only during re-epithelialization. Epidermal 
B-catenin activation stimulates the expansion of the upper dermal 
lineage, rendering wounds permissive for hair follicle formation. 
Our findings explain why wounding is linked to formation of ECM- 
rich scar tissue that lacks hair follicles’~*. They also form a platform 
for discovering fibroblast lineages in other tissues and for exam- 
ining fibroblast changes in ageing and disease. 


Mesenchymal differentiation and heterogeneity 
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Figure 1 | Morphological and molecular markers of embryonic and 
postnatal fibroblasts. a—c, Sections of mouse back skin. a, Haematoxylin and 
eosin staining. DP, dermal papilla; H, hypodermis; P, papillary dermis; PC, 
panniculus carnosus; R, reticular dermis. b, 10-Lum sections immunostained 
with Pdgfr-« antibodies and secondary antibody control with DAPI 


At embryonic day (E)12.5 mouse epidermis comprises one or two 
cell layers and the dermis appears homogeneous in composition 
(Fig. 1a)°. By E18.5 the epidermis is fully stratified, contains hair fol- 
licles, each with an associated dermal papilla, and is in the process of 
forming an upper (papillary) dermis that is distinguishable from the 
lower (reticular) dermis because of its higher cellular density (Fig. 1a). 
By postnatal day (P)2 the hypodermis has formed, comprising differ- 
entiated adipocytes and preadipocytes (Fig. 1a). We identified markers 
of different fibroblast subpopulations at each developmental stage, on 
the basis of previous studies” and the availability of antibodies for live 
cell sorting. 

The pan-fibroblast marker platelet-derived growth factor receptor-o 
(Pdgfr-«) is expressed in both the upper and lower dermis at all stages 
of development (Fig. 1b)*. By contrast, there were temporal and spatial 
changes in the expression of 18 other fibroblast markers (Fig. 1b, c and 
Extended Data Figs 1-3). From E16.5, CD26 (also known as Dpp4) and 
B-lymphocyte-induced maturation protein 1 (Blimp1, also known as 
Prdm1) were selectively expressed in the upper dermis, whereas Scal 
(also known as Ly6a) was selectively expressed in the lower dermis. 
Delta-like homologue 1 (Dlk1) and leucine-rich repeats and immuno- 
globulin-like domains protein 1 (Lrig1) were expressed throughout the 
dermis at E12.5, with Dlk1 expression persisting in the lower dermis 


Upper dermis Lower dermis 


E12.5E14.5 £16.56185 P2 £12.5 £14.5 E16.5 £185 P2 


a al 


oo is 


(4',6-diamidino-2-phenylindole) nuclear counterstain. Red squares show areas 
digitally sampled for the tissue screen. c, Tissue screen of upper and lower 
dermis. Three biological replicates for each stain were performed. Images are 
representative samples of sections shown in Extended Data Figs 1 and 2. CollV, 
type IV collagen. Scale bars, 50 jum. 
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Figure 2 | Skin-reconstitution assays. a, Experimental set-up for b-f. 

b, c, Grafts immunostained with DAPI counterstain (blue). SG, sebaceous 
gland. Arrows, APM. d-f, Contribution of Pdgfr-a-H2B-eGFP cells to 
dermal compartments. DP, dermal papilla. g, Experimental set-up for h-k. 
h, Macroscopic views of grafts. i, Contribution of GEP* cells to grafts. Arrows, 


from E18.5 and Lrig] expression persisting in the upper dermis. The 
changes in abundance of CD26", Scal* and Dik1* cells were confirmed 
by flow cytometry of green fluorescent protein (GFP) dermal cells from 
Pdgfr-c.-H2B-eGFP mice® (in which enhanced GFP (eGFP) is fused to 
histone H2B) (Extended Data Fig. 3). Several of the markers were also 
differentially expressed in neonatal human skin (Extended Data Fig. 4). 

To evaluate the differentiation potential of different dermal fibro- 
blasts (Fig. 2a), cells were flow sorted from P2 Pdgfr-o-H2B-eGFP 
dermis* (Extended Data Fig. 5c-e), combined with unlabelled epidermal 
and dermal cells and injected into chambers implanted into nude 
BALB/c mice’. Papillary dermal cells (CD26* Scal~) contributed 
exclusively to the upper dermis (Fig. 2b-d and Extended Data Fig. 6a), 
including the dermal papilla and arrector pili muscle (APM) (Fig. 2e, f). 
Hypodermal fibroblasts (Dlk1* Scal* and Dlk1~ Scal*) differen- 
tiated into adipocytes but not into APM or dermal papilla (Fig. 2b-d 
and Extended Data Fig. 6c, d). DIk1* Scal” cells, located primarily at 
the boundary between the reticular dermis and hypodermis (Extended 
Data Fig. 5a, b), contributed to all dermal mesenchymal compartments 
(Fig. 2b-d and Extended Data Fig. 6b). However, although we cannot rule 
out the existence of multipotent fibroblasts in adult skin, DIk1 * Scal~ 
cells did not persist after P10, when Dlk1 was no longer expressed in the 
dermis (Extended Data Fig. 4d and data not shown). 

The number of hair follicles was higher in grafts containing upper 
dermal (CD26* Scal~) cells than DIk1~ Scal* hypodermal cells 
(Extended Data Fig. 6e-i). DIk1~ Scal* cells are a subpopulation of 
Lin” CD34* CD29* Scal* adipocyte precursors, which also express 
Pdgfr-« (Extended Data Fig. 5f-i)’®. To establish whether hypodermal 
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cells were less effective at supporting hair follicle formation we com- 
pared control grafts containing unfractionated P2 Pdgfr-«-H2B- 
eGFP* cells with grafts in which we excluded papillary/reticular cells 
(CD26', Dik1* and Scal~ cells depleted) or reticular/hypodermal 
cells (DIk1*’~ Scal* cells depleted) (Fig. 2g-k and Extended Data 
Fig. 6j-I). As CD26, Dlk1 and Scal are not expressed in the dermal 
papilla at this stage (data not shown) all grafts contained dermal papilla 
cells. The contribution of GFP* cells to the grafts was extensive in all 
cases (Fig. 2i). Hair follicle formation was similar in the grafts of 
unfractionated dermal cells and those depleted of reticular and hypo- 
dermal cells. By contrast, when the papillary and reticular dermal cells 
were excluded very few hair follicles formed (Fig. 2h-k). Thus P2 skin 
contains cells that are restricted to forming either the upper or lower 
dermal lineages on skin reconstitution, the upper dermal cells being 
required for hair follicle formation. 

We next performed lineage tracing with specific promoters. We crossed 
Dlk1-CreER mice with Rosa-CAG-loxP-stop-loxP (LSL)-tdTomato 
mice (hereafter LSL-tdTomato mice, in which tdTomato is expressed 
when the stop codon is removed via Cre-mediated recombination), 
then labelled with tamoxifen at E12.5 (when all fibroblasts are Dik1*; 
Fig. 1c) or E16.5 (when only reticular fibroblasts express Dlk1; Fig. 1c) 
and collected at P2 or P21 (Fig. 3a-k). Flow cytometry established that 
the labelling accuracy was over 95% (Extended Data Fig. 7a—c). When 
Dlk1-expressing cells were labelled at E12.5, all of the dermal mesench- 
ymal compartments (Pdgfr-«.” ) were labelled (Fig. 3a-d). By contrast, 
when cells were labelled at E16.5 the only labelled fibroblasts were 
reticular and hypodermal cells, including mature adipocytes (Fig. 3e-k). 
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Figure 3 | Fibroblast lineage commitment during skin development. 

a, e, i, p, q, Labelling strategies. b, ¢, f, g, j, 1-o, r-t, Contribution of labelled cells 
to different dermal compartments. Adipo, adipocyte; DP, dermal papilla. 

d, h, k, u, Average number of labelled cells per unit area of dermis (defined by 


Therefore after E16.5 dermal fate restriction occurs, such that cells 
expressing Dlk1 only give rise to the lower dermal lineages. We con- 
firmed this by examining adipogenesis of dermal cells in culture 
(Extended Data Fig. 3d-g; see Supplementary Information)*”. 

We next performed lineage tracing with Blimp1-Cre. Between E16.5 
and E18.5, Blimp1 was expressed in the dermal papilla, dermal sheath 
and papillary dermis (Fig. 1c and Extended Data Fig. 7d, e)’?”*, but 
from P2 through adulthood dermal Blimp] expression was confined to 
the dermal papilla and dermal sheath (Extended Data Fig. 7f, g). 
Blimp1-expressing epidermal and endothelial cells (Extended Data 
Fig. 7h, i)'*-*° were excluded from analysis on the basis of co-expression 
of relevant markers. The fidelity of the Blimp1 promoter was estab- 
lished by flow sorting (Extended Data Fig. 7j, k). 

At all time points, dermal papilla and dermal sheath cells were 
labelled in Blimp1-Cre  CAG-CAT-eGFP (hereafter LSL-GFP) mice 
(Fig. 3l-o). At E16.5 the papillary dermis was unlabelled (Fig. 31), but at 
E18.5 the papillary dermis contained GFP* cells, consistent with the 
pattern of endogenous Blimp1 expression (Extended Data Fig. 7e, h). 
From P14 onwards all APM were GFP”, and only a few GFP’ fibro- 
blasts remained in the papillary dermis (Fig. 3n, 0). Thus P2 papillary 
dermal fibroblasts are the progenitors of the APM. Labelled papillary 
fibroblasts never contributed to the reticular dermis or hypodermis. 

We used Lrig] as an additional marker for lineage tracing’® (Figs 1c, 
3r-u and Extended Data Fig. 7l-q). The specificity of the Lrigl-GFP- 
IRES-CreER reporter line’” was confirmed by flow cytometry (Extended 
Data Fig. 7n). P2 dermal cells from Lrig]-GFP-IRES-CreER X LSL- 
tdTomato crosses treated with tamoxifen at E16.5 expressed Pdgfr-a 
and CD26 but not Scal (Extended Data Fig. 7n-q). At P2 labelling was 
restricted to the papillary dermis (Fig. 3r and Extended Data Fig. 7m). 
At P21 the APM and papillary dermis were labelled, whereas the 
reticular dermis and fat were unlabelled (Fig. 3s—u). Our data suggest 
that loss of papillary dermis after the first hair follicle cycle*”* is due to 
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differentiation of papillary fibroblasts into the APM, which was further 
confirmed by clonal analysis in Pdgfr-x-CreER < LSL-GFP mice 
(Extended Data Fig. 8). It is interesting that the papillary dermis is 
more pronounced in human skin, which has fewer hair follicles and 
therefore fewer APMs, than mouse skin®. We conclude that from E16.5 
the developing dermis undergoes fate restriction such that cells in the 
upper dermis that express Lrig] or Blimp] give rise to the dermal 
papilla, APM and papillary fibroblasts, whereas Dlk1-positive cells in 
the lower dermis give rise to the reticular dermis, hypodermis and 
adipocyte layer (Fig. 3v, w). 

To investigate how fibroblasts of different lineages contribute to 
skin repair, we created full-thickness wounds in adult back skin. We 
ruled out any contribution of bone-marrow-derived cells to the Pdgfr-o 
dermal compartment (Extended Data Fig. 9a-k and Supplementary 
Information). When Pdgfr-o-CreER X LSL-tdTomato mice that had 
been injected with tamoxifen at E17.5 were wounded in adulthood, we 
found tdTomato~ cells throughout the repairing dermis (Extended 
Data Fig. 91, n). When we examined wound healing in Dlkl-CreER 
X LSL-tdTomato mice that had been injected with tamoxifen at E16.5 
to selectively label the lower dermis (Fig. 4a—c and Extended Data 
Fig. 10a, b), a large proportion of wound fibroblasts, including cells that 
expressed the myofibroblast marker «-smooth muscle actin’? (Extended 
Data Fig. 10b), were tdTomato* (Fig. 4b, c). In adult skin of Blimp1- 
Cre X LSL-GFP mice only upper dermal fibroblasts and CD31* 
endothelial cells were GFP* (Fig. 4e). Seven days after wounding no 
GFP* fibroblasts were present in the wound bed (Fig. 4e and Extended 
Data Fig. 10c, d) and at day 17 GEP* fibroblasts were exclusively detected 
immediately underneath the reformed epidermis (Fig. 4fand Extended 
Data Fig. 10d). 

We conclude that the first wave of dermal regeneration depends on 
cells of the reticular dermis and hypodermis, which are not capable of 
inducing hair follicles (Fig. 2i-k) and which elaborate the collagenous 
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Figure 4 | Contribution of fibroblast lineages in adult skin. 

a, d, g, 1, Labelling strategies. b, c, e, f, h, m, n, q, Histological analysis of 
horizontal whole mounts. i-k, Flow-cytometric quantification of fibroblast 
markers. 0, p, Quantification of ectopic hair follicles in 17-day (0) and 24-day 


ECM characteristic of fibrosis®. The upper dermal lineage is not re- 
populated until re-epithelialization and contributes exclusively to the 
papillary dermis. This explains both the rapid reconstitution of the 
skin adipocyte layer after wounding” and the absence of hair follicles 
in newly closed wounds”. 

Sustained activation of the canonical Wnt pathway in adult epi- 
dermis induces growth of existing hair follicles (anagen), formation 
of new hair follicles*’”’, fibroblast proliferation and dermal ECM 
remodelling®. To examine the impact on the different dermal lineages 
we used K14ANf-cateninER transgenic mice. One application of 
tamoxifen induces anagen, whereas repeated applications stimulate 
ectopic hair follicle formation”. Epidermal B-catenin activation led 
to expansion of the upper and lower dermal compartments, the effects 
being more pronounced in mice that received multiple applications of 
tamoxifen (Fig. 4h-k and Extended Data Fig. 10e-g). The relative 
locations of the different dermal cells were unchanged (Extended 
Data Fig. 90, p). Expansion of the upper dermal lineage was evident 
in K14ANf-cateninER x Blimp1-Cre/LSL-GFP mice (Fig. 4g, h). As 
epidermal Wnt signalling promotes hair follicle growth, the expansion 
of the lower dermis could explain why the skin adipocyte layer increases 
in thickness during anagen”’. 

To test whether epidermal B-catenin activation before wounding 
would promote hair follicle formation, K14ANB-cateninER/Blimp1- 
Cre/LSL-GFP mice were given repeated applications of tamoxifen and 
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subsequently wounded (Fig. 41). This led to increased numbers of 
Itga8" and Lrig1* fibroblasts in the wound bed (Fig. 4m and Extended 
Data Fig. 10h), an increased number of cells marked by Blimp1-Cre 
(Fig. 4n) and a pronounced stimulation of hair follicle formation 
(Fig. 40-q). We conclude that dermal remodelling in response to epi- 
dermal B-catenin activation leads to expansion of the upper and lower 
dermis, the increase in the upper papillary dermis being permissive for 
new hair follicle formation. It will be interesting to identify the down- 
stream signalling pathways involved, one candidate being Hedgehog”’. 
Wnt signalling regulates cells of the immune system” and a role for 
infiltrating 6 T cells in promoting hair follicle formation has recently 
been described™. The Wnt effector transcription factors Lefl and Tcf3 
were differentially expressed by upper and lower dermal fibroblasts 
(Extended Data Fig. 5d, e), raising the intriguing possibility that dif- 
ferent fibroblast lineages differ in their Wnt responsiveness and inter- 
actions with inflammatory cells”. 

In conclusion, the lineage hierarchies we have described reveal the 
cellular origins of the heterogeneous architecture of the dermis and 
provide a mechanistic basis for understanding the changes that take 
place during repair of adult skin wounds and in response to epidermal 
Wnt activation. We now have the opportunity to uncover events that 
result in dermal lineage specification, and discover how the different 
lineages contribute to the changes that occur during ageing’ and 
tumour formation’. 
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METHODS SUMMARY 


The mouse lines, tamoxifen treatments, chamber grafting assay and bone marrow 
transplantation experiments are described in the Methods”**. Most experiments 
were performed on female mice; however, the markers evaluated showed the same 
distribution in males. 5-j1m frozen sections and horizontal whole mounts'! were 
prepared, stained and analysed as described in the Methods. Flow cytometry of 
P2 disaggregated dermal preparations was performed as previously described’. 
Antibodies for immunolabelling are listed in the Methods. RT-PCR was per- 
formed as previously described’’. Analysis was performed by the delta-Ct method. 
Primer probe sets were purchased from Applied Biosystems and used according to 
manufacturer’s recommendations. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Mouse embryonic stem (ES) cells are isolated from the inner cell 
mass of blastocysts, and can be preserved in vitro in a naive inner- 
cell-mass-like configuration by providing exogenous stimulation 
with leukaemia inhibitory factor (LIF) and small molecule inhibition 
of ERK1/ERK2 and GSK3pf signalling (termed 2i/LIF conditions)*”. 
Hallmarks of naive pluripotency include driving Oct4 (also known as 
Pou5f1) transcription by its distal enhancer, retaining a pre-inactivation 
X chromosome state, and global reduction in DNA methylation and 
in H3K27me3 repressive chromatin mark deposition on develop- 
mental regulatory gene promoters’. Upon withdrawal of 2i/LIF, naive 
mouse ES cells can drift towards a primed pluripotent state resem- 
bling that of the post-implantation epiblast*. Although human ES 
cells share several molecular features with naive mouse ES cells°, 
they also share a variety of epigenetic properties with primed mur- 
ine epiblast stem cells (EpiSCs)°’. These include predominant use of 
the proximal enhancer element to maintain OCT4 expression, pro- 
nounced tendency for X chromosome inactivation in most female 
human ES cells, increase in DNA methylation and prominent depos- 
ition of H3K27me3 and bivalent domain acquisition on lineage 
regulatory genes’. The feasibility of establishing human ground state 
naive pluripotency in vitro with equivalent molecular and func- 
tional features to those characterized in mouse ES cells remains to 
be defined’. Here we establish defined conditions that facilitate the 
derivation of genetically unmodified human naive pluripotent stem 
cells from already established primed human ES cells, from somatic 
cells through induced pluripotent stem (iPS) cell reprogramming or 
directly from blastocysts. The novel naive pluripotent cells validated 
herein retain molecular characteristics and functional properties 
that are highly similar to mouse naive ES cells, and distinct from 
conventional primed human pluripotent cells. This includes com- 
petence in the generation of cross-species chimaeric mouse embryos 
that underwent organogenesis following microinjection of human 
naive iPS cells into mouse morulas. Collectively, our findings estab- 
lish new avenues for regenerative medicine, patient-specific iPS 
cell disease modelling and the study of early human development 
in vitro and in vivo. 

Naive 2i/LIF conditions are not sufficient to elicit a self-renewal 
response in human ES cells/human iPS cells and result in their differ- 
entiation’. Nevertheless, the proof of concept for the bi/metastability 
between naive and primed pluripotent states in rodents’, has raised the 
possibility that the human genetic background might be less permissive 
for allowing in vitro preservation of ground state-naive pluripotency in 
comparison to rodents"”. Further, it is feasible that different exogenous 
factor combinations, in addition to 2i/LIF, may allow in vitro stabiliza- 
tion of transgene-independent and indefinitely stable human naive pluri- 
potent cells’. To define such conditions, we used a ‘secondary’ human 


C1.2 iPS cell line containing doxycycline (dox)-inducible lentiviral 
transgenes encoding OCT4, SOX2, KLF4 and c-MYC (OSKM) repro- 
gramming factors, that was targeted with an OCT4-GFP-2A-PURO 
knock-in reporter construct (Fig. 1a)’. As previously established, exo- 
genous expression of reprogramming factors encoding transgenes by 
dox supplementation allows maintenance of cells that are morpholo- 
gically similar to mouse ES cells, while retaining approximately 60% 
OCT4-GEP* cell fraction in 2i/LIF conditions (Extended Data Fig. 1a, b)’. 
This cell line was used to screen for components that, upon dox with- 
drawal, could stabilize C1.2 human iPS cells in 2i/LIF indefinitely with 
homogenous OCT4-GFP™ expression (in nearly 100% of the cells) 
(Fig. 1a). 

Whereas C1.2 cells rapidly differentiated in 2i/LIF only conditions, 
the combined action of 16 factor conditions (16F, divided into pool 1 
and pool 2 subgroups) attenuated the differentiation propensity and 
allowed retaining 32% of OCT4-GFP” cells as measured at day 14 
after dox withdrawal (Extended Data Fig. 1b). This indicated that the 
16F combination contains factors that cooperatively promote human 
pluripotency maintenance in 2i/LIF conditions. When pool 2 compo- 
nents were removed (Extended Data Fig. 1b), OCT4-GEFP* cell fraction 
increased relative to 16F combination, indicating that pool 2 contained 
factors that were negatively influencing GFP“ cell maintenance (Extended 
Data Fig. 1b). We propose that FGFR and TGFR pathway inhibition 
was detrimental to growing human pluripotent cells in 2i/LIF condi- 
tions, as FGF2 and TGF-B cytokines have an evolutionary divergent 
function in promoting pluripotency in humans by inducing naive 
pluripotency KLF4 and NANOG transcription factor expression in 
human ES cells’, but not in murine EpiSCs, where they promote mur- 
ine pluripotency priming. Indeed, removing both TGFR and FGFR 
inhibitors recapitulated the phenotype obtained when removing dox 
and pool 2 components (Extended Data Fig. 1b). Moreover, pool 1 
components supplemented with exogenous FGF2 and TGF-B1 cyto- 
kines resulted in homogenous OCT4-GFP detection in >95% of cells 
independent of dox in 2i/LIF containing conditions (Extended Data 
Fig. 1b). We then tested which of the pool 1 components were essential, 
and found that 2i/LIF, p38i, JNKi together with FGF2 and TGF-B1 
cytokine supplementation were essential to maintain exogenous trans- 
gene-independent GFP* C1.2 clones (Extended Data Fig. 1c). Secondary 
optimization identified Rho-associated coiled-coil kinases (ROCK)"° 
and protein kinase C (PKC)" inhibitors (included in pool 2, Fig. 1a) as 
optional boosters of naive cell viability and growth (Extended Data 
Fig. 1d-f), and resulted in optimized chemically defined conditions 
termed NHSM (naive human stem cell medium) (Fig. 1b). NHSM con- 
ditions enabled expansion of karyotypically normal OCT4-GFP* C1.2 
human iPS cells for over 50 passages independent of exogenous trans- 
gene activation (Fig. 1c). Remarkably, human pluripotent cells grown 
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in NHSM have domed-shaped colonies resembling murine naive cells; 
thus we refer to the selected cells as naive human pluripotent stem cells 
(hPSCs; includes human iPS cells and human ES cells), as we system- 
atically validate the evidence for this claim. 

We examined whether NHSM conditions allow derivation of new 
human ES cell lines from human blastocysts. Human-blastocyst-derived 
inner cell masses were plated in NHSM conditions, and successfully 
generated domed cell outgrowths after 6-8 days (Fig. 1d). We were able 
to establish four newly derived naive human ES cell lines termed LIS1, 
LIS2, WIS1 and WIS2 (Fig. 1d and Extended Data Fig. 1g). Several 
conventional (hereafter will be named ‘primed’) already established 
human ES cell lines (H1, H9, BGO1, WIBR1, WIBR2 and WIBR3) and 
human iPS cell lines (C1 and C2) were plated on gelatin/vitronectin- 
coated dishes in NHSM medium. After 4-8 days, dome-shaped col- 
onies with packed round cell morphology could be readily isolated and 
further expanded (Fig. le). Human fibroblast cells were reprogrammed 
to human iPS cells in NHSM following reprogramming factor trans- 
duction (data not shown). All human ES cell and iPS cell lines expanded 
in NHSM conditions were positive for pluripotent markers and formed 
mature teratomas in vivo (Extended Data Fig. 2). Human naive plur- 
ipotent lines maintained normal karyotype after extended passaging 
following trypsinization and expansion on irradiated mouse embry- 
onic fibroblast (MEF) feeder cells or on vitronectin/gelatin-coated 
plates (Extended Data Fig. 2a). The average doubling time was signifi- 
cantly reduced from 26h for primed hPSCs down to 14h for naive 
hPSCs (Extended Data Fig. 3a). Naive hPSCs displayed up to 35% 
single-cell cloning efficiency after trypsinization and sorting (without 
the use of ROCK inhibitors), whereas primed hPSCs largely did not 
survive single-cell cloning (Extended Data Fig. 3b). In the presence of 
ROCK inhibitor, naive hPSCs had single-cell cloning efficiency of up to 
88%, whereas that of primed cells increased only up to 22% (Extended 
Data Fig. 3b, c). 

We next aimed to characterize epigenetic features in naive human 
iPS cells and human ES cells established in NHSM conditions. Primed 
and naive human ES cell/human iPS cells were transfected with a luci- 
ferase reporter construct under the control of either the human distal 
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(DE) or the proximal (PE) enhancer sequences that control expression 
of the OCT4 gene (also known as POUS5F1). Consistent with previous 
reports, primed human ES cells showed preferential activation of 
the proximal OCT4 enhancer element as typically seen in murine 
EpiSCs®*’, Remarkably, predominant utilization of the OCT4 distal 
enhancer was detected in naive human ES cells and human iPS cells 
(Extended Data Fig. 3d). To further substantiate these findings, WIBR3 
human ES cells were stably transfected with full-length OCT4-GFP- 
2A-PURO, APE-OCT4-GFP-2A-PURO or ADE-OCT4-GFP-2A- 
PURO engineered BAC reporter constructs (Extended Data Fig. 3e). 
The wild-type OCT4-GFP reporter was specifically active in both 
naive and primed conditions (Fig. 2a). The APE-OCT4-GFP reporter 
was predominantly active in naive growth conditions whereas the 
ADE-OCT4-GEFP reporter was more active in primed pluripotent cells 
(Fig. 2a). We then analysed the frequency and properties of X inac- 
tivation state’? in several naive human ES cell/human iPS cell lines. 
Naive hPSCs captured in NHSM maintain a pre-X inactivation state 
as evident by nearly complete lack of H3K27me3 nuclear foci and 
down regulation of XIST transcription. The majority of primed hPSCs 
demonstrated X inactivation as evident by the presence of H3K27me3 
nuclear foci and methylation of one of the XIST gene alleles (Fig. 2b and 
Extended Data Fig. 4a-d)’*. Genome-wide mapping of H3K9me3 by 
chromatin immunoprecipitation, followed by deep sequencing (ChIP- 
seq) in female and male naive and primed human pluripotent cells, 
indicated a significant increase (P< 3.8 X 10°) in this mark on the X 
chromosome only in female primed pluripotent cells (Extended Data 
Fig. 4c). XIST promoter alleles are demethylated in male and female 
naive ES cells (Extended Data Fig. 4d). Upon differentiation of female 
naive human ES cells/human iPS cells, inactivation of one of the X 
chromosomes alleles becomes evident as the cells demonstrate H3K27me3 
clouds, upregulate XIST transcription simultaneously with methyla- 
tion of one of the promoters of XIST alleles (Fig. 2b and Extended Data 
Fig. 4a-d). 

Next we compared global gene expression patterns between naive 
and primed human ES cells and human iPS cells. Unbiased clustering 
of genome-wide expression profiles demonstrated that naive human 
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ES cells and human iPS cells possess a distinct gene expression pattern 
and clustered separately from primed human ES cells and human iPS 
cells (Extended Data Fig. 5a). Multiple transcripts associated with naive 
pluripotency were significantly upregulated in naive cells, including 
members of the NANOG and DUSP gene families (Extended Data 
Fig. 5b)'*. Importantly, naive pluripotent cells had profound down- 
regulation of transcripts associated with lineage-commitment genes, 
including ZIC1, SOX6 and SOX11 that were expressed at low, but 
appreciable, levels in primed human ES cells (Extended Data Fig. 5b)’. 
Functional annotation analysis of differentially expressed genes with 
Gene Ontology (GO) revealed that genes downregulated in mouse and 
human naive pluripotency were significantly enriched for GO terms 
linked to developmental processes (Extended Data Fig. 5c). Furthermore, 
hierarchical clustering showed that human inner cell mass samples are 
transcriptionally more similar to naive human ES cells than to primed 
cells (Extended Data Fig. 5d). Primed human ES cells demonstrate 
intermediate expression levels of MHC class I surface antigen in com- 
parison to somatic cells, whereas naive human ES cell/human iPS cell 
express only trace levels of MHC class I (Extended Data Fig. 6a)’. 
Moreover, although E-CADHERIN is expressed in primed human 
ES cells, the surface expression pattern becomes more prominent in 
naive human ES cell colonies (Extended Data Fig. 6b). Next we con- 
ducted an unbiased cross-species hierarchical clustering of the globally 
measured transcriptome to evaluate whether the human primed and 
naive pluripotent cells, described herein, globally correspond to those 
established in mice. By applying an algorithmic cross-species gene 
expression analysis on all 9,803 mouse-human orthologous genes 
found in our gene expression data sets’®, we found that whereas 
primed human ES cells and human iPS cells clustered with murine 
EpiSCs, all naive human ES cells/human iPS cells clustered with naive 
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Figure 2 | Naive human stem cells share defining 
molecular features with mouse ES cells. 

a, WIBR3 human ES cells were stably transfected 
with the different engineered BAC reporter 
constructs indicated. GFP levels were evaluated in 
genetically matched cells by flow cytometry. MFI, 
mean fluorescence intensity. Average MFI values of 
3 biological replicates per sample are indicated. 

b, Representative confocal images obtained after 
double immunostaining for OCT4 and H3K27me3 
on naive, primed and differentiated samples 
(obtained from naive cells). Average percentages of 
H3K27me3 foci-positive nuclei out of 150-200 
cells per sample (arrowheads) are indicated. EBs, 
embryonic body differentiated cells. c, Unbiased 
global transcriptional cross-species hierarchical 
clustering of naive and primed pluripotent cells 
from mice and humans. Correlation matrix of gene 
expression was clustered using Spearman 
correlation and average linkage. Colour bar 
indicates correlation strength. Each row/column 
represents an independent cell line or clone. 
mEpiSCs, murine EpiSCs; mESC, mouse ES cell; 
miPSC, mouse iPS cell. NOD indicates non-obese 
diabetic ICR mice. d, Naive and primed human ES 
cells were double immunostained for TFE3 and 
OCT4. Representative confocal images are shown 
for WIBR3 human ES cells. Insets are enlargements 
of the dashed boxes. Scale bars, 50 um. 
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mouse ES cells/mouse iPS cells independent of the genetic background 
or naive growth conditions used (Fig. 2c). Further, primed mouse and 
human pluripotent cells expression patterns were significantly more 
heterogeneous in comparison with their naive counterparts, as 
reflected by the noise distributions of the two groups in both species 
(Extended Data Fig. 5e). Finally, nuclear localization of the transcrip- 
tion factor TFE3 was recently shown to be enhanced in naive mouse ES 
cells, and compromised upon pluripotency priming’. Remarkably, a 
similar nuclear enrichment pattern for TFE3 was evident in naive 
human ES cells, and relative enrichment was compromised in primed 
human ES cells (Fig. 2d, Extended Data Fig. 6c). Collectively, our data 
demonstrates that NHSM endows human pluripotent cells with defin- 
ing features of gene expression patterns typically seen in ground state 
naive mouse ES cells**. 

We moved on to map H3K4me3 and H3K27me3 chromatin marks 
by using ChIP-seq in mouse and human naive and primed pluripo- 
tent cells. Whereas distribution of both epigenetic markers over all 
genes promoters and bodies in mouse ES cells showed a significant 
(P<2X 10 *”) decrease in naive conditions (Extended Data Fig. 4e), 
an even more notable decrease of both marks in mouse ES cells was 
observed over developmental genes (P< 1.6 X 10 ”'; Fig. 3a, right)’. 
Similarly, there was a marked (P < 8.6 X 10 °') reduction of H3K27me3 
in promoter and gene-body region over developmental genes (n = 5,922) in 
human naive cells compared to primed (Fig. 3a, b). The reduction of 
H3K27me3 mark to nearly background levels over developmental 
genes in human naive cells was also reflected in the number of genes 
with bivalent marks near their TSS, which is more than 13-fold higher 
in primed (3,013 genes) compared to naive cells (226 genes). Notably, 
the naive pluripotency regulator, TBX3, acquired repressive H3K27me3 
marks in both primed human and mouse samples (Extended Data 
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Figure 3 | Ground state epigenetic landscape of 
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Fig. 7b). H3K27me3 peaks undergo genomic redistribution and become 
preferentially depleted from promoters and gene-body regions, rather 
than from intergenic regions (Extended Data Fig. 7a, b). We next 
measured H3K4mel and H3K27ac marks using ChIP-seq, and globally 
mapped enhancers of class I and class II in naive and primed pluripo- 
tency states. Class I enhancers are characterized by the presence of 
H3K4mel and H3K27ac, and the absence of H3K4me3 and H3K27me3 
marks, and are associated with active expression of nearby genes’®. Class II 
enhancers, on the other hand, are characterized by the presence of 
H3K4mel and H3K27me3, and the absence of H3K27ac mark, and are 
associated with being poised for activation (Extended Data Fig. 7c, e)'*. 
Consistent with the reduction of lineage-priming molecular features in 
naive pluripotency, we observed a major reduction in the annotated 
Class II enhancers in naive cell state, in both human (5.8-fold) and 
mouse (62.5-fold) (Extended Data Fig. 7c). Finally, reminiscent of recent 
reports on murine stem cells’’, human naive ES cells/iPS cells expanded 
in NHSM conditions demonstrated a marked downregulation in 
DNMT3A, DNMT3B and DNMT3L de novo DNA methyltransferase 
enzymes, but not in DNMT1 and TET enzymes (Fig. 3c and Extended 
Data Fig. 6d). Sampling the DNA methylation states of human naive 
and primed pluripotent cells by reduced representation bisulphite 
sequencing (RRBS) showed a significant reduction (paired sample t-test 
P value ~ 0) in CpG methylation in human naive WIBR3 ES cells after 
expansion in NHSM conditions for 17 days (Fig. 3d). 

We next characterized and validated the distinct response patterns 
of naive and primed human pluripotent cells to different signalling 
stimuli or inhibitors, and compared them to those observed in rodent 
pluripotent cells (Extended Data Fig. 8a)’. Murine ES cells maintain 
their naive pluripotent state as measured by APE-OCT4-GFP expres- 
sion and by all-ES cell mouse formation competence following tet- 
raploid embryo complementation assay, upon inhibition of either one 
of the p38, JNK or ERK pathways (Extended Data Fig. 8a—-d). In human 
naive cells, simultaneous inhibition of all these pathways is essential for 
maintaining naive pluripotency (Extended Data Fig. 8a,fand Extended 
Data Fig. 6e). Supplementation of TGF-B is necessary to inhibit the 
pro-neural differentiation effect of ERK inhibition in naive NHSM 
conditions (Extended Data Fig. 6f). Naive human ES cells are LIF/ 
STAT3-dependent and when stably transfected with dominant-negative 


of covered, differentially methylated CpGs. pi, 6, 
the mean and standard deviation of the 
distribution, respectively. 


Stat3-encoding transgenes, they rapidly differentiated and could not be 
maintained in vitro with NHSM conditions (Extended Data Fig. 8a, g). 
Alternatively, human naive cells transgenic for a constitutively active 
Stat3 mutant (Stat3-CA) could be propagated in vitro in the absence of 
exogenous LIF (Extended Data Fig. 8g). These findings highlight that 
several signalling pathways distinctly regulate the two human pluripo- 
tent states, in a manner similar to that observed in mice*”’. 

We next evaluated whether the altered biological features of human 
naive PSCs directly endow them with unique or enhanced functional 
characteristics. Naive H9 human ES cells were significantly more amen- 
able to gene targeting by homologous recombination with isogenic vectors, 
in comparison to H9-primed cells (Extended Data Fig. 9a, b). NHSM 
conditions were important for facilitating up to 100% efficiency in 
deriving naive human iPS cell formation from MBD3-depleted in vitro- 
differentiated secondary OKSM transgenic fibroblasts following dox 
induction (Extended Data Fig. 9c)'*. Consistent with changes in DNA 
methylation regulation in naive human pluripotency (Fig. 3d), iPS cells 
from fragile X chromosome patient specific fibroblasts were able to 
undergo FMRI gene reactivation and demethylation after reprogram- 
ming under naive ground state conditions (Extended Data Fig. 9d, e)’’. 
Finally, consistent with robust E-CADHERIN expression, enhanced 
single-cell survival and corresponding to an earlier developmental state, 
microinjection of GFP-labelled human naive iPS cells into mouse E2.5 
morulas showed robust integration in mouse ex vivo-developed inner 
cell masses at E3.5, and higher integration than that of primed plur- 
ipotent cells (Extended Data Fig. 10a—c). The latter results are consistent 
with previously reported near-absence of integration and chimaerism 
following embryo micro-injection of primate primed ES cells". Mouse 
blastocysts obtained after microinjection with human naive iPS cells 
were implanted in pseudo-pregnant female mice and allowed to develop 
for 7-8 additional days in vivo, after which they were dissected and 
imaged in toto under confocal microscopy for GFP* cell detection. 
Remarkably, we were able to obtain multiple (n = 13) mouse embryos 
corresponding to E8.5-E10.5 developmental stages that showed chimae- 
rism with naive human iPS-cell-derived GFP™ cells integrated in orga- 
nogenesis stages of embryonic development and in different locations, 
including craniofacial tissues and embryonic neural folds (representative 
examples in Fig. 4, Extended Data Fig. 10d, e and Supplementary Videos 
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Figure 4 | Robust generation of cross-species chimaeric humanized mice 
following naive human iPS cell microinjection into mouse morulas. 
Representative images showing widespread integration of GFP-labelled human 
naive iPS-derived cells into different locations in the anterior part of an E10.5 
mouse embryo. Hoechst and CellTracker were used for counterstaining. The 
first column shows the whole embryo (z-stack interval 30 um, 18 focal planes in 
total). The second column shows a zoom in images focusing on the head region 
(white square R1) where the human iPS-derived cells (GFP-positive cells) are 
pointed out (arrowheads, z-stack interval 20 um, 11 focal planes in total). The 
third column shows the posterior part of the embryo (yellow square R2) where 
no GFP-positive cells were detected (z-stack interval 20 jum, 9 focal planes in 
total). Squares in the first two images in the second column represent the area 
shown in the insets at the corner of each image. ov, optic vesicle; op, otic pit; fba, 
first branchial arch; flb, forelimb bud; s, somite. Scale bars, 50 tum. 


1 and 2). In-depth functional and developmental analysis of the in vivo- 
integrating human naive iPS-cell-derived cells in advanced cross-species 
chimaeric mouse embryos is of great future scientific interest. 

Our findings substantiate the concept of naive ground state pluri- 
potency in humans”*, and indicate that its maintenance requires a unique 
combination of cytokines and small molecule inhibitors. The epigenetic 
changes induced by NHSM conditions (Fig. 3) indicate that naive con- 
ditions are likely to resolve previously described technical phenotypes 
of epigenetic memory, lineage differentiation biases and aberrant repro- 
gramming in human iPSCs and ES cells’. Finally, defining a novel naive 
pluripotent state in humans that is stable and requires no genetic modifi- 
cations might be relevant for the molecular study of early lineage commit- 
ment, and for expanding the capabilities for using human iPS cells in 
regenerative medicine research and disease modelling in vitro and in vivo 
through the generation of ‘humanized’ animal models. 


METHODS SUMMARY 


Full details of stem cell lines, cell culture, plasmids, antibodies, embryo-micro- 
manipulation and bioinformatics are provided in Methods. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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A chain mechanism for flagellum growth 


Lewis D. B. Evans’, Simon Poulter’, Eugene M. Terentjev”, Colin Hughes! & Gillian M. Fraser! 


Bacteria swim by means of long flagella extending from the cell sur- 
face. These are assembled from thousands of protein subunits trans- 
located across the cell membrane by an export machinery at the base 
ofeach flagellum. Unfolded subunits’ * then transit through a narrow 
channel at the core of the growing flagellum to the tip, where they 
crystallize into the nascent structure. As the flagellum lengthens 
outside the cell, the rate of flagellum growth does not change’. The 
mystery is how subunit transit is maintained at a constant rate without 
a discernible energy source in the channel of the external flagellum’. 
We present evidence for a simple physical mechanism for flagellum 
growth that harnesses the entropic force of the unfolded subunits 
themselves. We show that a subunit docked at the export machinery 
can be captured by a free subunit through head-to-tail linkage of juxta- 
posed amino (N)- and carboxy (C)-terminal helices. We propose that 
sequential rounds of linkage would generate a multisubunit chain 
that pulls successive subunits into and through the channel to the 
flagellum tip, and by isolating filaments growing on bacterial cells 
we reveal the predicted chain of head-to-tail linked subunits in the 
transit channel of flagella. Thermodynamic analysis confirms that 
links in the subunit chain can withstand the pulling force generated 
by rounds of subunit crystallization at the flagellum tip, and poly- 
mer theory predicts that as the N terminus of each unfolded subunit 
crystallizes, the entropic force at the subunit C terminus would increase, 
rapidly overcoming the threshold required to pull the next subunit 
from the export machinery. This pulling force would adjust auto- 
matically over the increasing length of the growing flagellum, main- 
taining a constant rate of subunit delivery to the tip. 

The structural subunits of the sequential rod, hook and flagellin fila- 
ment of the bacterial flagellum (Extended Data Fig. 1) are unfolded and 
translocated across the cell membrane by a type III export machinery”®, 
energised by ATP hydrolysis'” and the proton motive force**’, They 
pass into a central channel that extends the length of the growing flagel- 
lum outside the cell®"!2, The channel has a diameter of around 20 A, so 
subunits must remain unfolded as they transit to the flagellum tip up to 
15-20 jm, a distance that is 10 cell lengths away’, where they crystallize 
into the growing structure’’. Theoretical models describing the physi- 
cal challenges presented by assembling flagella outside the living cell 
are set out in Supplementary Information section 1, but how this feat 
is achieved remains a mystery. Models based on pushing or pumping 
mechanisms'*"* operating in the cell at the membrane entrance to the 
flagellum channel, for example, powered by the proton motive force, 
appear incompatible with constant rate transit, as lengthening of the 
pushed subunit column would engender a proportional increase in resis- 
tance and slowing of growth. Furthermore, the intrinsic flexibility of 
unfolded subunits would preclude transmission of compressive forces’®. 
An alternative hypothesis’, involving diffusion of flagellin, relies on 
subunits adopting an unprecedented extended «-helical fold, and does 
not take into account interactions between subunits in the channel. In 
contrast to passive diffusion, the notion of active transport of subunits 
through the channel by a Brownian ratchet'* is called into question by 
the absence of ATP in the channel and the channel being too narrow to 
accommodate hypothetical motors. 

Weset out to examine experimentally a fundamentally distinct hypo- 
thesis, in which we propose that the energy for subunit transit though 


the channel resides in the unfolded subunits themselves as they move 
from the export machinery at the base of the flagellum”. We reasoned 
that such movement might be achieved by capture of each docked sub- 
unit by the preceding subunit already in the channel. Direct support for 
this possibility is provided by challenge experiments (Fig. 1) in which 
free flagellar hook subunit FIgE effected concentration-dependent 
release of another subunit docked at the export machinery gate compo- 
nent (that is, in preformed subunit-gate complexes, FlgD-[GST-FIhB,]; 
FIhBc stands for the C-terminal cytoplasmic domain of FIhB). Subunits 
docked at the gate component were captured, not displaced, by free 
subunit as the challenge subunit FlgE was engineered such that it was 
unable to bind the export gate (gate-blind; Extended Data Figs 2 and 3), 
and heteromeric FlgD-FlgE subunit-subunit capture complexes were 
confirmed by affinity chromatography (Fig. 1c). Further capture assays 
established that gate-docked FlgD can be captured by other hook 
subunits, but not by the filament cap subunit that is assembled later?” 
(Extended Data Fig. 4). We supposed that in the subunit docked at the 
export machinery, the extreme N terminus would be available to the 
free C terminus of the preceding subunit already in the channel, and 
that linkage of these juxtaposed termini could effect capture. Evidence 
for this was obtained by showing that C-terminally truncated gate- 
blind FIgE challenge subunit was unable to release gate-docked subunit 
in a concentration-dependent manner from the FlgD-FIhBc subunit- 
gate complex (Fig. 1b). We reasoned that links between N and C ter- 
mini of unfolded adjacent subunits might adopt a parallel coiled-coil 
conformation (Fig. 1d) and using unique cysteine-cysteine crosslinks 
(FIgE-Ct V4ooC with FIgE-Nt A,4C, DjgC or A,5C), we trapped a 
subunit dimer compatible with just such a head-to-tail arrangement 
(Fig. le). Weaker crosslinking was detected between FIgE-Ct V4o9C 
and FIgE-Nt A.C, which are at opposite ends of the predicted coiled-coil, 
and no complexes were detected for FlgE-Nt AygC, which lies out with the 
subunit extreme N-terminal helix (Fig. le). This conformation is different 
from that observed in assembled flagella, in which subunit termini” fold 
as antiparallel coiled-coils that line the channel'®’* (Extended Data 
Fig. 5). The 8 A cysteine-cysteine crosslinks could not form between 
subunits in the assembled hook, as the cysteines are too far apart'*** 
(Extended Data Table 1). The crosslinking data show that subunit 
capture is achieved by subunits linking head-to-tail through their terminal 
helices, predicted to form a parallel coiled-coil, and indicate that each 
subunit terminus contributes 14-25 residues to each coiled-coil link. 
We suggest that successive rounds of such linkage could generate a 
chain of subunits that extends through the flagellar channel. However, 
although a single unfolded hook subunit could span the channel in the 
rod/hook structure (~90 nm), crystallizing into the tip of the hook as it 
simultaneously recruits the next subunit from the export machinery, 
the flagellar filament grows up to 20 jim (ref. 2). Our proposed chain 
mechanism would therefore require many flagellin (FliC) subunits to 
linkin the same way to span the transit channel of the flagellar filament. 
We therefore set out to visualize the linked flagellin subunits in vivo by 
isolating part of the predicted flagellin chain from within the flagellar 
filament growing on the surface of living cells. First, again using in vitro 
cysteine-cysteine crosslinking, we confirmed the same type of head-to- 
tail linkage between flagellin subunits that we had shown between hook 
subunits (Fig. 2a, FliC-CtQyggC or NygoC with FliC-Nt S,,C, L,3C, 
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Figure 1 | Free subunits capture subunits docked at the export gate through 
head-to-tail linkage of terminal helices. a, Capture of FlgD subunits docked at 
glutathione (GSH) bead-immobilized GST-FIhB¢ export gate component 

by free challenge subunits. Released capture complexes were collected by Ni?* 
affinity chromatography. b, Docked FlgD subunit was challenged with 
increasing concentrations of free FlgE hook subunit, either wild type (WT) or 
unable to bind the export gate (gate-blind; Extended Data Fig. 3) or gate-blind 
and lacking C-terminal residues 359-403 (gate-blind, ACt). FlgE subunit 
lacking the C terminus was attenuated for export (Extended Data Fig. 4e). 

c, Released capture complexes generated in b, (dashed arrows) were isolated 
confirming that captured FlgD is linked to challenge subunit. d, Juxtaposed 
carboxyl (FlgE-Ct)- and amino (FIgE-Nt)-terminal helices of sequential 
subunits adopt a parallel coiled-coil. e, Subunit pairs linked head-to-tail (dimer) 
using in vitro site-specific cysteine-cysteine crosslinks. FlgE and variants 
containing unique cysteines (AgC, Ay4C, DigC, AzsC or AyoC; Extended Data 
Table 2) within and adjacent to the N-terminal helix predicted to generate the 
coiled-coil were incubated, with (+) or without (—) BMOE cross-linker (x- 
link) and a FIgE variant (V499C) containing a unique cysteine within the 
C-terminal helix. FlgE derivatives lacked either C or N termini (FlgE-Nt, FlgE- 
Ct) to preclude self-interaction. No dimers were detected for subunits without 
engineered cysteines (Extended Data Fig. 5e). All experiments were carried out 
at least three times and were biological replicates. 


LigC or R3,C, but not with FliC-Nt K,7gC that lies out with the N- 
terminal helix; Extended Data Table 1). The crosslinking distances indicate 
that each flagellin terminus could contribute 21-32 residues to the 
coiled-coil link. We then set out to trap the predicted unfolded subunit 
chain during transit through the channel as the flagellum grows on 
bacteria. Using in vivo site-specific crosslinking of engineered flagellin 
containing cysteines shown to link in vitro (R3,C, QuggC; Fig. 2a), we 
isolated higher order flagellin complexes and visualized, as a ladder, 
oligomeric chains containing three or more subunits (Fig. 2b). These 
oligomers could only form by head-to-tail linkage as a chain in the 
channel, and no chain was detected with flagellin containing R3,C 
alone, or Kj7gC and QyggC, which cannot engender head-to-tail links. 
Our data show that there are multiple linked subunits in the channel, 
incompatible with the recent theoretical model of filament growth” in 
which transiting subunits do not interact with each other in the channel. 

Having provided direct evidence of subunit capture, linkage and the 
resulting chain, we propose a physical mechanism for subunit transit 
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Figure 2 | Head-to-tail linkage of flagellin subunits assembles a chain in the 
flagellum growing on the bacterial cell surface. a, Flagellin pairs linked 
head-to-tail (dimer) using in vitro site-specific cysteine-cysteine crosslinks. 
Flagellin (FliC-Nt, FliC-Ct) and its variants containing unique cysteines 
(SiC, L13C, LigC, R3,C or Ky7gC) within and adjacent to the N-terminal helix 
predicted to generate a coiled-coil were incubated, with (+) or without (—) 
BMOE cross-linker (x-link) and a FliC variant containing a unique cysteine 
(QuggC) within the C-terminal helix. No complexes were detected between 
subunits without engineered cysteines (Extended Data Fig. 6a). b, Trapping of 
flagellin linked head-to-tail in chains within flagella (labelled green) growing on 
Salmonella enterica serovar Typhimurium (hereafter referred to as 

S. typhimurium) cells (labelled red) using in vivo site-specific cysteine-cysteine 
crosslinking. Cells expressing recombinant full-length flagellin containing 
engineered cysteines (right panels; left lane, negative control R3,C; centre lane, 
R3,C and QuggC predicted to trap chain; right lane K,7gC and QuggC negative 
control) were incubated with (+) or without (—) BMOE cross-linker (x-link). 
Flagellar filaments were then isolated, depolymerized and resolved 
(immunoblot, panel exposure times decrease from top to bottom) to reveal 
monomer (X 1), dimer (X2) and higher order head-to-tail chains of flagellin. 
We estimate between 6-10 linked subunits in the largest species. Dimers are 
predicted to also form by crosslinking between assembled flagellin C-terminal 
cysteines (QuggC) that line the channel and subunits in transit, so dimers are 
also seen in the controls (Extended Data Fig. 6b, c). All experiments were 
carried out at least three times and were biological replicates. 


energised by the thermal motion of the chain of linked unfolded subunits 
anchored at the flagellum tip. In this mechanism, depicted in Fig. 3 and 
supported with calculations in Supplementary Information section 2, 
subunit folding at the tip would gradually decrease the number of free 
residues remaining in the channel and intrinsically provide an increas- 
ing pulling force on the next linked subunit docked at the export machi- 
nery. The proposed mechanism requires strong anchoring of the subunit 
at the tip’’, and breaking this anchor would require an estimated a force 
F, of ~11 nN. Strong anchoring (F4 of ~6-6.7 nN) could also be achieved 
in the absence of subunit assembly into the crystallized structure, explain- 
ing how some flagellar proteins, for example, filament cap and hook- 
filament junction proteins, are exported even when no longer required 
for flagellum assembly” (similar export without assembly is observed 
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Figure 3 | An entropic chain mechanism for flagellum growth outside the 
cell. a, Subunit crystallization beneath the cap foldase'* provides a strong 
anchor (force to break anchor, F,4; Supplementary Information section 2). 
Sequential subunits are linked (force to break link, F,) head-to-tail in a chain by 
juxtaposed terminal helices forming parallel coiled-coils. Subunits docked at 
the export ATPase® are unfolded’ and docked by the export machinery. The 
N-terminal helix of the docked subunit is then captured (force to break docking, 
Fy) into the subunit chain by the free C-terminal helix of an exiting subunit in 
the flagellar channel. b, Successive rounds of subunit capture from the 

export machinery. As an unfolded subunit crystallizes, the pulling force at its 
free end increases to reach the Fy, threshold (dashed line), whereupon the next 
subunit is captured from the export machinery. The pulling force then 

drops rapidly as the new unfolded subunit enters the channel. This process 
repeats for each subunit captured into the chain. 


for effectors secreted through related virulence needles; Supplemen- 
tary Information sections 2a and 3). Second, the mechanism requires 
parallel coiled-coil linking of sequential subunit termini and, as each 
hook subunit contributes 14-25 residues to the coiled-coil, breaking 
this link would require an estimated force F;, of 400-700 pN. Breaking 
the links between the more abundant flagellin subunits would require 
a force of the same order of magnitude. The chain mechanism requires 
that subunit anchoring at the flagellum distal tip must be stronger than 
subunit-subunit linking in the channel, which in turn must be stronger 
than the force Fy, required to pull subunits from the export machinery 
into the channel. Affinity of subunit for the export gate component, 
measured by isothermal titration calorimetry (ITC) (Extended Data 
Fig. 2a), estimates Fy, at ~30 pN, fulfilling the requirement Fy<FL<Fa. 

Polymer theory describes the entropic pulling force at the C terminus 
of the unfolded subunit chain anchored at its N terminus by crystal- 
lization into the flagellum, and explains how this force adjusts as chan- 
nel length increases*’”* (Supplementary Information section 2c). In an 
anchored chain of N residues each of length a, when a distance R sepa- 
rates the export machinery from the anchor point at the distal tip, the 
force depends on R/Na (Extended Data Fig. 6). Asa subunit crystallizes, 
fewer residues are left free in the channel (Na decreases), the pulling 
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force F(R,Na) at the export machinery increases, eventually reaching 
the critical value Fy and the next subunit is pulled from the export 
machinery into the channel. Once this occurs, Na increases, the entro- 
pic force drops rapidly and the ‘slack’ of residues becomes available for 
a new round of subunit crystallization at the tip. This process repeats 
for each subunit pulled into the channel (Fig. 3b). The same principle 
applies even ifthe subunit chain breaks inside the channel, either spon- 
taneously or by shearing of the flagellum. The most cell-distal subunit 
in the remaining chain could diffuse to the tip* and start crystallizing, 
thus providing an increasing anchoring that would gradually restart the 
pulling mechanism. Crucially, the entropic force F(R,Na) automati- 
cally adjusts with the length of the multi-subunit chain (Supplemen- 
tary Information section 3 and Extended Data Table 2) engendering a 
constant rate of subunit transit independent of channel length. The chain 
mechanism we propose is therefore supported by both experimenta- 
tion and thermodynamic analysis, and we suggest that it explains the 
published observations on how flagella grow outside the bacterial cell. 


METHODS SUMMARY 


Salmonella enterica serovar Typhimurium (S. typhimurium) strains and plasmids 
used in this study are described in Extended Data Table 3. Bacteria were cultured at 
30-37 °C in Luria-Bertani broth containing, where appropriate, antibiotics and 
chemical inducers. Protein-protein interactions were assessed by ITC and affinity 
chromatography using purified proteins or lysates of cells expressing recombi- 
nant proteins. Interaction surfaces in protein complexes were identified by photo- 
crosslinking of unnatural amino acids or chemical crosslinking of site-specific 
engineered cysteines. Covalently linked complexes from crosslinking experiments 
exhibited a higher apparent molecular mass than the free proteins when samples were 
separated by SDS-PAGE. Capture assays were performed by challenging preformed 
subunit FlhBc gate complexes with increasing concentrations of free subunit, and 
released subunit was subsequently affinity purified to assess the stability of capture 
complexes. In vivo flagellar subunit export assays were performed at mid-log growth 
in fresh warm media for 40 min, as previously described®. Proteins separated by 
SDS-PAGE were visualized by either Coomassie staining or immunoblotting using 
specific antibodies, either to an epitope tag or the recombinant protein. All experi- 
ments were carried out at least three times and were biological replicates. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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High-content genome-wide RNAi screens identify 
regulators of parkin upstream of mitophagy 
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Sabrina M. Heman-Ackah’, Tara Hessa!, Rajarshi Guha’, Scott E. Martin? & Richard J. Youle! 


An increasing body of evidence points to mitochondrial dysfunc- 
tion as a contributor to the molecular pathogenesis of neurodegen- 
erative diseases such as Parkinson’s disease’. Recent studies of the 
Parkinson’s disease associated genes PINK] (ref. 2) and parkin (PARK2, 
ref. 3) indicate that they may act in a quality control pathway pre- 
venting the accumulation of dysfunctional mitochondria**. Here 
we elucidate regulators that have an impact on parkin translocation 
to damaged mitochondria with genome-wide small interfering RNA 
(siRNA) screens coupled to high-content microscopy. Screening 
yielded gene candidates involved in diverse cellular processes that 
were subsequently validated in low-throughput assays. This led to 
characterization of TOMM7 as essential for stabilizing PINK1 on 
the outer mitochondrial membrane following mitochondrial damage. 
Wealso discovered that HSPA1L (HSP70 family member) and BAG4 
have mutually opposing roles in the regulation of parkin transloca- 
tion. The screens revealed that SIAH3, found to localize to mito- 
chondria, inhibits PINK1 accumulation after mitochondrial insult, 
reducing parkin translocation. Overall, our screens provide a rich 
resource to understand mitochondrial quality control. 

Following the loss of mitochondrial membrane potential, PINK1 
and parkin coordinate a ubiquitination’, proteasomal activation’? and 
autophagic (mitophagy)° response that may attenuate cell death’’. As 
mitophagy can ameliorate the deleterious consequences of mitochon- 
drial dysfunction'’*""*, genes regulating parkin translocation could be 
useful drug targets for increasing mitochondrial quality control. To 
identify genes important for the PINK1-dependent recruitment of parkin 
to damaged mitochondria, we conducted genome-wide siRNA screens 
against two diverse libraries. Our approach used the well-characterized 
cellular phenotype of parkin accumulation on depolarized mitochon- 
dria°. HeLa cells stably expressing GFP-parkin (Extended Data Fig. 1a) 
and a mitochondrial-targeted red fluorescent protein (mito-dsRed) 
were transfected with siRNA duplexes in 384-well plates (Extended 
Data Fig. 1b). After siRNA treatment, mitochondria were chemically 
depolarized with carbonyl cyanide m-chlorophenyl hydrazine (CCCP) 
to induce parkin translocation. Chemical depletion of mitochondrial 
membrane potential (A) mimicked pathological conditions caused 
by genetic mutation in mitochondrial- or nuclear-encoded genes or 
other stresses that deplete Ay. The degree of Parkin translocation was 
then assessed by high-content microscopy and automated image ana- 
lysis that extracted a multitude of phenotypic parameters (Extended 
Data Figs 1c, dand 2a, b). PINK1 siRNA-treated wells served as positive 
controls, abolishing parkin translocation following CCCP treatment 
(Fig. la). We observed a high degree of assay robustness (Z’ > 0.5, 
Extended Data Fig. 2c, d) and technical reproducibility (Extended 
Data Fig. 2e, f) in primary screens. Assay termination before saturation 
(Extended Data Fig. 2g) allowed us to detect both translocation inhi- 
bitors and accelerators (Extended Data Fig. 2h). For example, LMAN1 
siRNAs accelerated parkin translocation, suggesting the gene nega- 
tively regulates this process (Fig. 1a). Our imaging-based assay was 


used to screen genome-wide arrays of Ambion single (3 unique siRNAs 
per gene) and Dharmacon pooled (pool of 4 unique siRNAs per gene) 
reagents to maximize discovery potential. 

Candidate gene selection used the robust statistical measure of median 
absolute deviation (MAD) to standardize siRNA activities from the 
screens (Fig. 1b, c). Normalized data were analysed using both parkin 
translocation and cytotoxicity (cell count) measures (see Supplemen- 
tary Methods and Extended Data Fig. 3). Mito-dsRed intensity was 
used to identify siRNAs that depleted mitochondria (Extended Data 
Fig. 3). As important modulators of parkin translocation may have 
been masked by low-potency gene knockdowns, selection of active 
reagents at lower thresholds was feasible with our non-pooled siRNA 
data set, where we observed coincident activity of unique siRNAs with 
the same gene target. After filtering for cytotoxic or mitochondria 
depleting siRNAs, a gene was chosen as a ‘candidate’ modulator if at 
least two siRNAs from the non-pooled data set were active based on 
phenotypic evaluation of parkin translocation (generally >1.5 MAD 
or <—1.5 MAD, Extended Data Fig. 4a, b). Pooled siRNA screen 
candidate selection criteria were set to yield similar numbers of genes 
as the non-pooled siRNA screen (~ +2 MAD, see Supplementary 
Methods). The candidate list (Supplementary Table 1) had a gene selec- 
tion rate (see Supplementary Methods) similar to other large-scale RNAi 
(RNA interference) screens'*. Twenty-four candidates overlapped between 
the two screens (Fig. 1c, yellow dots) including an ubiquitin-conjugating 
enzyme (UBE2J2) and a member of the Hedgehog pathway (HHAT). 
Additionally, knockdown of the predicted LOC401052 strongly acce- 
lerated parkin translocation with all four reagents tested. The limited 
number of shared candidates was consistent with previous studies'*””. 

A large number of initial candidate selections were involved in gene 
expression (17% of non-pooled, 24% of pooled candidates). As PINK1 
is very labile and essential for parkin translocation’, the high rate of 
activity from housekeeping gene siRNAs suggests they may influence 
PINK] expression. PINK] also may bea source of off-target effects that 
confound RNAi screens'*°. The non-pooled siRNA screening data 
enabled us to systematically profile the miRNA-like effects of the siRNA 
seed sequences. Complementarity between the 5’ end or ‘seed’ region 
of the siRNA guide strand and the 3’ untranslated region (UTR) of 
unintended messenger RNAs is a driver of off-target behaviour”. Seed 
sequences matching the 3’ UTR of PINK] exerted a highly biased inhi- 
bitory effect (P< 2.2 X 107 '°) on parkin translocation compared to 
all other siRNA seeds in the library (Extended Data Fig. 4c). We also 
observed that strongly inhibitory siRNAs (>2 MAD) had ~10% more 
matches to the 3’ UTR of PINKI than the corresponding accelerator 
siRNAs (Extended Data Fig. 4d). In total, 10,935 siRNAs (~17%) in 
the non-pooled screen had at least one hexamer” seed match to the 
PINK1 3' UTR. To combat off-target effects we used common seed 
analysis (CSA)”*. CSA exposes the activity of siRNA seed-based off- 
target effects by weighting each reagent against the population of siRNAs 
in the screen sharing the same seed (Extended Data Fig. 4e-g). The 
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Figure 1 | A high-content screening assay for regulators of parkin 
translocation in HeLa cells following mitochondrial damage. 

a, Representative images of parkin translocation assay. NTC (non-targeting 
control), PINK1 (inhibited translocation) and LMAN1 (accelerated 
translocation) siRNA transfected cells from genome-wide screens. Red-boxed 
panels are magnified views of GFP-parkin. Scale bars, 100 um. b, Negative 
control normalized, log transformed MAD Z-scores of all non-pooled reagents; 
data ordered from most negative to positive. Dashed red (inhibitors, Inhib) or 
green lines (accelerators, Accel) are screen-specific cutoffs (see Supplementary 
Methods) for active siRNA reagents. Yellow dots represent genes explored in 
this manuscript. c, Same as b but for the pooled RNAi screen; yellow dots 
represent overlap of candidate gene selections between pooled and non-pooled 
RNAi screens. 


gene-level scoring of the entire non-pooled data set was adjusted for seed 
bias (Supplementary Table 2). Analysis of C911 mismatch controls** 
supported the hypothesis that siRNAs with strong seed bias (low seed- 
adjusted Z-score) modulate parkin translocation predominantly though 
seed-driven off-target activity (Extended Data Fig. 4h). In addition to 
CSA, we used gene pathway enrichment on the original non-pooled 
screen candidates (Supplementary Table 1) as a complimentary method 
to identify promising genes. While confirming the strong influence of 
gene expression modifiers in our non-pooled screen candidates, enrich- 
ment analysis (Fig. 2a) revealed the significant (P < 0.05) presence of 
pathways including muscle function, the ubiquitin-proteasome, and 
autophagy (Supplementary Table 3). Furthermore, queries of the ori- 
ginal non-pooled candidates (Supplementary Table 1) against anno- 
tated databases (gene ontology (GO) and human MitoCarta) revealed 
ubiquitin and mitochondrial processes (Supplementary Tables 4 and 5). 
Within enrichment groups, STRING database analysis (see Supplemen- 
tary Methods) indicated many putative gene interactions that may regu- 
late parkin (Fig. 2b, c). 

To query candidate genes for follow-up, we chose from four distinct 
categories (Supplementary Table 6). These categories were top perform- 
ing genes in the seed-adjusted primary screening data (category 1); 
candidates within a pathway enrichment group (category 2); top can- 
didates from the pooled screen (category 3), and rational selection of 
candidates guided by gene annotations (category 4). In total, 106 pos- 
itive regulators of parkin translocation were selected for validation 
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with significant enrichments (P-value cutoff of 0.05) (Supplementary Table 1). 
b, Candidate genes with ontology (GO) that included ‘ubiquitin’ and 
interactions by STRING association. Gene nodes are coloured green (positive 
regulator), red (negative regulator) and contain ‘D’ if they are members of the 
“druggable’ genome. c, Same as b but for the GO term ‘mitochondria’ or 
matches to the human MitoCarta database. d, Analysis of group specific (top 
panel) and aggregate (bottom panel) reconfirmation results (percentages are 
out of 105 tested). e, Top 10 positive regulator genes that passed reconfirmation 
(22 active siRNAs) in order of total active siRNAs and ties settled by seed- 
adjusted Z-score. Numbers in brackets indicate seed-adjusted Z-scores and red 
lettering indicates genes whose knockdown blocked PINK1 accumulation (see 
Supplementary Table 7). Asterisk indicates inclusion of siRNAs passing ‘active’ 
thresholds only in raw and non-transformed data sets because they exhibited 
excellent phenotypes upon inspection. Analyses in a-c were performed on 
original non-pooled candidate list (Supplementary Table 1) and d, e were 
performed on the candidates chosen for reconfirmation assays (Supplementary 
Table 6). 


(Supplementary Table 6). Four additional siRNAs from a different ven- 
dor were used for high-throughput validation. We found 67 genes in 
follow-up studies recapitulated parkin translocation inhibition activity 
with at least two additional siRNA reagents (Fig. 2d), a common recon- 
firmation benchmark. This cutoff was further substantiated by quanti- 
tative PCR with reverse transcription (qRT-PCR) of randomly selected 
candidates with only 1 active follow-up siRNA (of 4). In all cases, equi- 
valent knockdown of target mRNA was achieved by both parkin trans- 
location inhibitory and non-active siRNAs in the set (Extended Data 
Fig. 5a-f). Therefore, on-target knockdown was unlikely to be source of 
the translocation phenotype in these low confidence reconfirmations. 
The 67 confirmed candidates were ranked by the number of active 
siRNA reagents out of the 8 assayed (4 from primary screens and 4 
from follow-up analysis) and then by seed-adjusted Z-score (Top 10 in 
Fig. 2e and complete list in Supplementary Table 7). For 8 of the top- 
ranked genes, we examined mRNA levels in cells transfected with pri- 
mary screen active siRNAs and observed >75% target knockdown in 
all but 1 of the 18 siRNAs tested (Extended Data Fig. 5g—n). Secondary 
screening of active follow-up siRNAs for PINK] (expressed without its 
endogenous 3’ UTR) immunofluorescence after CCCP treatment 
established if these gene knockdowns affected PINK] protein accu- 
mulation (Fig. 2e, red, and Supplementary Tables 7 and 8). 
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TOMM7, a component of the protein translocase of the outer mito- 
chondrial membrane (TOM) complex, was a reconfirmed candidate 
from the non-pooled screen and the sixty-third most potent positive 
regulator of parkin translocation in the seed-adjusted data set. Knock- 
down of this MitoCarta member in the pooled siRNA screen also showed 
a translocation deficit. Interestingly, a report on mammalian TOMM7 
demonstrated that gene knockdown did not change the efficiency of 
mitochondrial protein import”. Our TOMM7 gene knockdowns 
in HeLa cells resulted in a reduction of GFP-parkin translocation 
(P<0.001, Extended Data Fig. 6a, b) and a reduction of TOMM7 
mRNA levels (P < 0.001, Extended Data Fig. 6c). To confirm TOMM7 
siRNA activity was not an off-target effect, we generated a knockout 
HCT116 cell line using transcription activator-like effector nuclease 
(TALEN) mediated genome editing (see Supplementary Methods). 
Wild-type mRNA and protein was undetectable in the TOMM7 knock- 
out cell line (Extended Data Fig. 6d, e), but PINK1 mRNA expression 
was unchanged (Extended Data Fig. 6f). Notably, the knockout of 
TOMM7 abolished the translocation of YFP-parkin after CCCP treat- 
ment (Fig. 3a, b and Extended Data Fig. 6g). Expression of HA-tagged 
TOMM7 in knockout cells restored the YFP-parkin translocation to 
near wild-type levels (P< 0.001 for partial and complete transloca- 
tion). We examined if TOMM7 knockout affects mitophagy down- 
stream of parkin translocation. After 24h exposure to CCCP, <5% 
of TOMM7 knockout HCT116 cells underwent detectable mitophagy 
compared to ~90% of the wild-type cells (P< 0.001) (Fig. 3c and 
Extended Data Fig. 7a). We also observed a deficit in parkin-dependent 
degradation of MFN1 in knockout cells (Fig. 3d). 

To explore TOMM7 function, we evaluated PINK] levels in TOMM7 
wild-type and knockout HCT116 cell lines. PINK1 undergoes rapid 
turnover in polarized mitochondria’ and only trace amounts of PINK1 
were detected in cell lysates from both lines (Fig. 3d). However, after 
CCCP treatment, normal accumulation of full-length PINK1 (ref. 6) 
failed to occur in TOMM7 knockout cells, suggesting that TOMM7 is 
important for PINK] stabilization on the outer mitochondrial mem- 
brane of damaged mitochondria. To explore why, we performed in vitro 
import of radiolabelled PINK1 protein into isolated mitochondria 
from wild-type or TOMM7 knockout cells. Mitochondria from both 
cell lines were similar in their ability to import and process PINK1 
precursor protein, as indicated by the amount of PARL-cleaved PINK1 
(ref. 26) at each time point (Extended Data Fig. 7b, c). In vitro protein 
import and processing of the canonical Su9-DHFR precursor was also 
normal in TOMM7 knockout mitochondria (Extended Data Fig. 7d, e). 
When Ay is depleted, PINK] associates with the TOM complex in the 
outer mitochondrial membrane”’. However, PINK1 imported in vitro 
into TOMM7 knockout mitochondria failed to associate with the TOM 
complex (Fig. 3e, —Aw lanes). Our results indicate that human 
TOMM7 functions in the TOM complex, not for generalized protein 
import, but to shunt and retain PINK1, and perhaps other proteins, to 
the surface of damaged mitochondria (Extended Data Fig. 7f). 

To explore the wider importance of TOMM7, we depleted TOMM7 
gene expression in human induced pluripotent stem cell (iPS cell) 
derived neurons (Extended Data Fig. 7g-I). Lentiviral short hairpin 
RNA (shRNA) achieved a modest knockdown of TOMM7 mRNA, with- 
out affecting PINK1 mRNA levels (55-75%, Extended Data Fig. 7m, n). 
As in other cell types, significantly less endogenous PINK1 accumu- 
lated following mitochondrial depolarization in TOMM7 knockdown 
neurons (Fig. 3f, g, P< 0.001 as compared to control). This suggests 
that TOMM7 functions to recruit parkin to damaged mitochondria by 
stabilizing PINK] in neurons expressing tyrosine hydroxylase (TH ). 

In search of positive regulators of parkin function, we were intrigued 
by HSPAIL, a confirmed follow-up selection (category 4, annotation/ 
phenotype-based). As other HSP70 family members can interact with 
parkin®”, HSPAIL may selectively promote parkin translocation 
activity. HSPAIL is a widely distributed, but low-abundance member 
of the HSP70 family”. The non-pooled siRNA screen yielded BAG4 as 
a negative regulator of parkin translocation. BAG-domain-containing 
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Figure 3 | Characterization of TOMM7, a positive regulator of parkin 
translocation. a, Representative images of HCT116 cells stably expressing 
YFP-parkin (green) after 2h of CCCP treatment: wild-type (WT), TOMM7 
knockout (KO), or TOMM7 KO with stable expression of HA-TOMM7. 
Mitochondria are indicated by TOM20 immunofluorescence (red). 

b, Quantification of parkin translocation in a. c, Quantification of mitophagy 
observed using cells in a (24 h of CCCP) as measured by the loss of TOM20 and 
ATPS5A signal (See Extended Data Fig. 7a). d, Western blot of whole-cell lysates 
from cells in a or wild-type HCT116 (lacking parkin) treated with CCCP for 0 
or 4h. An asterisk indicates a non-specific band. e, Blue native polyacrylamide 
gel electrophoresis (PAGE) import reactions (left) and super-shift (right) assay 
illustrate PINK] association with the TOM complex. Blue arrow indicates 
PINK] association with the TOM complex, red arrow indicates complex shifted 
by TOM22 antibody. f, Western blot of PINK] and tyrosine hydroxylase (TH) 
levels in neuronal stem cells (NSC) and iPS-derived neurons. g, Quantification 
of PINK] levels in f, expressed as the percentage of control levels (n = 4, 
P<0.001 compared to control shRNA). Cells were infected with TOMM7 
shRNA no. 2 (triangles) or both no. 2 and no. 3 (circles). Quantification in b and 
c represent three independent experiments (>150 cells were counted per 
condition), are displayed as mean ~* s.d. and using one-way ANOVA tests 
(***P < 0.001). CCCP, 10 |1M. Scale bar; 10 um. For single channel images of 
a see Extended Data Fig. 6g. 


proteins act as nucleotide exchange factors for HSP70 members and 
BAGS can modulate the E3 ubiquitin ligase activity of parkin”. We 
proposed that HSPAIL and BAG4 co-regulate parkin localization fol- 
lowing mitochondrial damage. HSPA1L knockdown in HeLa cells led 
to a significant (P < 0.01) decrease in parkin translocation (Extended 
Data Fig. 8a-c) and BAG4 knockdown enhanced parkin translocation 
(P< 0.001, Extended Data Fig. 8d-f). Neither of these knockdowns 
affected the level of PINK1 protein accumulation (Extended Data 
Fig. 8f, g). To ensure the phenotype was specific to HSPAIL, we used 
TALEN genome editing to knockout HSPAIL in HEK293 cells (see 
Supplementary Methods and Extended Data Fig. 8h). Parkin translo- 
cation was strongly inhibited in the HSPA1L knockout cells (P < 0.001, 
Fig. 4a, b) that have normal levels of HSPA1A (a homologous, more 
abundant HSP70), and equivalent levels of PINK1 (Extended Data Fig. 
8i, j). This inhibition of parkin translocation was rescued by exogenous 
mCherry—HSPAIL (Fig. 4a, b and Extended Data Fig. 8k). Expression 
of exogenous HSPA1IA did not rescue the HSPAIL knockout pheno- 
type, indicating the translocation deficit is not from a loss of cytosolic 
chaperone capacity (Fig. 4b). To investigate the mechanism of HSPAIL 
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Figure 4| HSPAIL and BAG4 differentially modulate translocation of 
parkin to damaged mitochondria. a, Representative images of wild-type 
(WT) and HSPAIL knockout (KO) HEK293 cells after 2h CCCP with either 
mCherry vector or mCherry-HSPA1L overexpression showing rescue (YFP- 
parkin (green), Tom20 (red)). b, Quantification of parkin translocation from 
a and other rescue attempts. c, YFP—parkin is present in immunopreciptates of 
HA-BAG4. d, Quantification of the intensity of bands in c (n = 3). e, siRNA 
knockdown of both BAG4 and HSPA1L abrogates the phenotype of either 
individual gene knockdown. f, Translocation of parkin patient mutation 
R275W. g, Quantification of f. Quantification in b, e and g represent three 
independent experiments (>150 cells were counted per condition), are mean + 
s.d.; one-way ANOVA tests (*P < 0.05, **P < 0.01 and ***P < 0.001). 
Statistical comparisons are displayed for only complete translocation 
phenotype. CCCP, 10 1M. White arrows indicate cells with complete parkin 
translocation. Scale bars, 10 jum. For single channel images of a and f see 
Extended Data Figs 8k and 9g. 


modulation of parkin, mutations were introduced into conserved 
domains: the ATPase domain (Lys73Glu), the Hsp40 binding domain 
(Leu396Asp), and a truncation in the regulatory/binding region of the 
carboxyl terminus (AEEVD) (see Supplementary Methods). None of 
these mutants rescued the translocation deficit of the HSPAIL knock- 
out cells (P< 0.01, Fig. 4b). GFP-parkin immunoprecipitation from 
the HeLa cell line used in the screens was found to bind endogenous 
HSPAIL and other HSP70 isoforms by mass spectrometric analysis 
(Extended Data Fig. 81 and Supplementary Table 9). Inmunoprecipi- 
tation of HA~BAG4 demonstrates that YFP-parkin also binds to BAG4 
and this binding is diminished following mitochondrial depolarization 
(P< 0.01, Fig. 4c, d). The reciprocal immunoprecipitation of YFP- 
parkin also shows HA-BAG4 binding to both full-length and to the 
AUBL (ubiquitin-like domain) form of parkin, with stronger binding 
to the AUBL form (Extended Data Fig. 9a). A different BAG domain 
containing protein, BAGS, had been previously shown to interact with 
parkin’’. We confirmed this binding, but observed a greater binding to 
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HA-BAG4 (Extended Data Fig. 9b). RNAi knockdown of BAG4 or 
HSPAIL alone promotes or inhibits parkin translocation, respectively. 
However, simultaneous knockdown of both genes in either HeLa (Fig. 4e 
and Extended Data Fig. 9c) or BE(2)-M17 neuroblastoma cell lines 
(Extended Data Fig. 9d, e) reduces their respective individual phenotypes. 
Therefore, neither protein is uniquely required for parkin transloca- 
tion, but rather an imbalance between them causes robust phenotypes. 
BAG4 and HSPAIL appear to act together to regulate parkin trans- 
location (Extended Data Fig. 9f). 

We assessed the effect of HSPAIL on the translocation of disease- 
associated parkin mutants®. In HeLa cells HSPA1L enhanced the trans- 
location of YFP-parkin(R275W) (P > 0.001, Fig. 4f, g and Extended 
Data Fig. 9g) to a greater extent than HSPA1A. Future studies on the 
molecular details of these interactions may provide attractive targets to 
enhance selective removal of damaged mitochondria. 

As the siRNA retesting of negative parkin translocation regulators 
did not consistently recapitulate the generally more subtle acceleration 
phenotype, we used the seed-adjusted data set (Supplementary Table 2) 
to guide the pursuit of these genes. As the tenth most potent seed- 
adjusted negative regulator, the common seed plot for SIAH3 siRNAs 
showed a consistent departure from their seed ‘peers’ (Extended Data 
Fig. 4g). SIAH3—Myc (SIAH/SINA superfamily member, see Extended 
Data Fig. 10a) co-localized with mitochondria (Extended Data Fig. 10b, c). 
We did not detect a stable interaction of SIAH3 and PINK] in the pre- 
sence of detergents required for immunoprecipitation (Extended Data 
Fig. 10d). S[AH3 knockdown in HeLa cells accelerated parkin translo- 
cation with an increase in partially translocated parkin at 30 (P < 0.001) 
and 60 (P<0.05) minutes post CCCP treatment (Extended Data 
Fig. 10e, f) and complete translocation at 60 min (P< 0.001). RNAi 
rescue by SIAH3 cDNA expression (siRNA-resistant) significantly 
(P< 0.01) suppressed the complete parkin translocation phenotype 
(Extended Data Fig. 10e, f). We confirmed the SIAH3-mediated parkin 
translocation phenotype (P > 0.01) and >90% knockdown of SIAH3 
mRNA in BE(2)-M17 neuroblastoma cells stably expressing parkin 
and mito-GFP (P > 0.001, Extended Data Fig. 10g-i). SIAH3 silenc- 
ing increased PINK1 accumulation after CCCP treatment (P > 0.001, 
Extended Data Fig. 10), k). SIAH3 probably acts as a negative regulator 
of PINK] stabilization because knockdown of SIAH3 did not increase 
PINK1 mRNA or protein before mitochondrial damage (Extended 
Data Fig. 10j-I). 

In conclusion, we used a diverse siRNA screening strategy to shed 
light on the genes regulating PINK1-dependent parkin translocation 
to damaged mitochondria. Using several analysis methods in parallel 
allowed us to identify and overcome the significant susceptibility of par- 
kin translocation to off-target/pleiotropic PINK1 modulation and select 
strong candidates for further study. Our subsequent validation demon- 
strated unique molecular functions of HSPAIL, BAG4 and SIAH3, as 
well as defining a role for TOMM7 in outer mitochondrial membrane 
PINK] stabilization. Our genome-wide analysis of PINK] and parkin 
regulators illuminates mechanisms of mitochondrial maintenance. 


METHODS SUMMARY 

siRNA screening. siRNAs were arrayed in 384-well optical plates (2 11 per well, 
0.8 pmol). For each well, 20 il of DMEM medium (Life Technologies) containing 
4ulml~’ RNAiMAX (Life Technologies) was added. After 30 min incubation, 
20 pl of a 37,500cells per ml suspension was added to each well for reverse 
transfection. Plates with cells were incubated at 37 °C/5% CO, for 48h and the 
parkin translocation assay was initiated with 40 pl of DMEM containing CCCP 
(Sigma) at a final concentration of 10 1M. After 2.5h of incubation with CCCP, 
cells in all wells were fixed, nuclear stained and analysed using an ImageXpress 
Micro (Molecular Devices). All screening was performed in environmentally con- 
trolled enclosures with automated liquid and plate handling. See Supplementary 
Methods for detailed methods. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Macroautophagy (hereafter referred to as autophagy) is a process 
in which organelles termed autophagosomes deliver cytoplasmic con- 
stituents to lysosomes for degradation’. Autophagy has a major role 
in cellular homeostasis and has been implicated in various forms 
of human disease’~*. The role of autophagy in cancer seems to be 
complex, with reports indicating both pro-tumorigenic and tumour- 
suppressive roles**"'”. Here we show, in a humanized genetically- 
modified mouse model of pancreatic ductal adenocarcinoma (PDAC), 
that autophagy’s role in tumour development is intrinsically con- 
nected to the status of the tumour suppressor p53. Mice with pan- 
creases containing an activated oncogenic allele of Kras (also called 
Ki-Ras)—the most common mutational event in PDAC'*—develop 
a small number of pre-cancerous lesions that stochastically develop 
into PDAC over time. However, mice also lacking the essential auto- 
phagy genes Atg5 or Atg7 accumulate low-grade, pre-malignant 
pancreatic intraepithelial neoplasia lesions, but progression to high- 
grade pancreatic intraepithelial neoplasias and PDAC is blocked. In 
marked contrast, in mice containing oncogenic Kras and lacking 
p53, loss of autophagy no longer blocks tumour progression, but 
actually accelerates tumour onset, with metabolic analysis reveal- 
ing enhanced glucose uptake and enrichment of anabolic pathways, 
which can fuel tumour growth. These findings provide considerable 
insight into the role of autophagy in cancer and have important impli- 
cations for autophagy inhibition in cancer therapy. In this regard, 
we also show that treatment of mice with the autophagy inhibitor 
hydroxychloroquine, which is currently being used in several clinical 
trials, significantly accelerates tumour formation in mice contain- 
ing oncogenic Kras but lacking p53. 

To analyse the role of autophagy in pancreatic tumour development 
we generated mice that contained Cre recombinase driven by the Pdx 
promoter (which recombines in exocrine and endocrine pancreatic 
tissue’*) and two floxed alleles of Atg7 (ref. 16). As seen on recombination 
of other alleles by Pdx-Cre (ref. 15), loss of Atg7 in the pancreas is mosaic 
(Fig. la). Concordantly, LC3 puncta—a marker of autophagosomes'”°— 
were detected in Atg7-positive regions, whereas Atg7-negative regions 
had strong diffuse LC3 staining with occasional LC3 aggregates indi- 
cative of the cytoplasmic form of LC3 (LC3-I) that does not integrate 
into autophagosomes (Fig. 1a)'’. Atg7-negative regions also accumu- 
lated the autophagic substrate p62 (also called SQSTM1) (Fig. 1a)”. 

Analysis of these mice at various times after birth revealed no signs 
of pancreatic tumour formation or pre-malignancy; different to pre- 
vious observations in the liver'’. However, progressive cellular destruc- 
tion was observed in endocrine and exocrine pancreatic tissue with 
acinar tissue exhibiting significant accumulation of p53 (Fig. 1b, cand 
Extended Data Fig. 1a, b). Furthermore, activated caspase-3, a critical 
cell death factor downstream of p53, was also elevated in these regions 
(Fig. 1b, c and Extended Data Fig. 1a, b)’°. By contrast, both p53 and 
cleaved caspase-3 were virtually undetectable in wild-type tissue at all 
times (Fig. 1b and Extended Data Fig. 1a, b). Notably, p53 and caspase-3 
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Figure 1 | Loss of autophagy in the pancreas causes organ destruction and 
reduces survival. a, Pancreatic sections stained with Atg7, LC3 and p62 
showing Atg7 ‘~ next to Atg7*’* regions after Pdx-Cre-mediated 
recombination. Right-side images are cropped and magnified regions 

(boxed) from left-side images. The magnification is X 2.5. b, Haematoxylin and 
eosin (H&E), p53 and caspase-3 staining of exocrine tissue in Atg7*/* and 
Atg7 ‘~ pancreases. c, Quantification (median, s.e.m.) of p53 and caspase-3 
activation in Atg7-deficient acinar tissue. d, Kaplan-Meier analysis comparing 
overall survival of mice either wild type (blue) or Atg7 ~~ (red) in the pancreas. 
Mantel-Cox test was used for statistics. ‘n/a’, 14/16 mice were killed >500 days 
when completely healthy. e, Biochemical analysis of endocrine function in 
moribund Atg7 ‘~ or age-matched healthy control mice. Detailed information 
about the mice is tabulated. A Mann-Whitney U-test was used for statistics. 
Scale bars: 50 um. **P < 0.01 and ***P < 0.001. 
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activation were negligible in Atg7 ‘~ islets despite substantial and pro- 
gressive destruction of endocrine tissue (Extended Data Fig. 1b). This 
indicates that Atg7 loss causes tissue destruction in both compartments, 
but p53 and caspase-3 activation seems tissue specific (Fig. 1b, c and 
Extended Data Fig. 1a, b). 

Approximately 40% of Atg7-deficient mice had lifespans equivalent 
to wild-type mice. However, the remaining 60% became ill and had to 
be killed between 50 and 150 days (Fig. 1d). In line with endocrine tissue 
destruction, biochemical analyses of moribund Atg7 ‘~ mice revealed 
evidence of diabetes, but exocrine biochemistry was not affected des- 
pite destruction of this tissue being observed histologically (Fig. le and 
Extended Data Fig. la, c). This may be because exocrine parameters 
can be influenced by other tissues or that acinar cells, unlike B-cells, 
have considerable regenerative capacity”’. Similar results were observed 
in mice lacking a second essential autophagy gene, Atg5 (Extended Data 
Fig. 2). 

p53 clearly has a role in these effects, as caspase-3 activation in acinar 
tissue is reduced and time of death, but not mortality rate, is significantly 
delayed by simultaneous deletion of p53 (Extended Data Fig. 3a-c). 
Notably, islet destruction still occurs in Atg7 '~ p53"'~ pancreases 
and these mice show signs of diabetes (Extended Data Fig. 3d). p53 
deletion in the presence of Atg7 over the same time frame had no effect 
(Extended Data Fig. 3e, f). 

We next assessed the impact of Atg7 deletion in mice expressing 
mutant Kras (with point mutation G12D) in their pancreases. In other- 
wise wild-type mice, Kras!”? causes the appearance of a small number 
of pre-cancerous pancreatic intraepithelial neoplasia (PanIN), which 
stain with Alcian blue/PAS (Fig. 2a, b and Extended Data Fig. 4a, b)’”. 
Progression to PDAC then occurs stochastically over time (Fig. 2c, d). 
In contrast, pancreases from mice with additional deletion of Atg7 exhi- 
bited marked but transient accumulation of early PanINs (PanIN1A/B) 
(Fig. 2a, b, eand Extended Data Fig. 4a, c). In line with previous reports, 
this may be caused by secondary inflammation on tissue destruction, 


s 


a Kras&120/* Atg7*/* 
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which in our model is ultimately a consequence of Atg7 deletion in 
pancreatic tissue'*””. Notably, unlike PanINs in Afg7*'* mice which 
progress to late-grade PanINs (PanIN2 and PanIN3), early PanINs in 
age-matched (150 days) Atg7-null mice undergo very limited progres- 
sion to PanIN2 and virtually no progression to PanIN3, which pre- 
cedes PDAC (Fig. 2e). Importantly, although mice containing mutant 
Ras and lacking Atg7 ultimately became sick with signs of endocrine 
dysfunction, none showed histological signs of PDAC (Fig. 2c, d and 
Extended Data Figs 4c and 5a). This therefore shows that despite accu- 
mulation of early-grade PanINs, progression to late-grade PanIN and 
ultimately to PDAC does not occur during the lifespan of Atg7-deficient 
mice (Fig. 2d). 

To understand why Atg7 ‘~ PanINs do not progress, we first deter- 
mined if they arise from autophagy-deficient tissue. Lack of LC3 puncta 
and accumulation of p62 confirmed that this was the case (Extended 
Data Fig. 4a). PanINs also had elevated p53 levels irrespective of Atg7 
status, and those lacking Atg7 had markedly enhanced caspase-3 acti- 
vation (Fig. 2fand Extended Data Figs 4b, cand 5b, c). p53 activation in 
Ras-driven pancreatic lesions causes growth arrest and cellular sene- 
scence, which act as barriers to tumour development”*”’. In vitro studies 
have reported, however, that timely establishment of senescence requires 
autophagy, but autophagy-deficient PanINs from Afg7”" mice show 
sustained growth arrest as judged by Ki67 staining, and stain strongly 
for the senescence markers senescence-associated B-galactosidase and 
p21 (Extended Data Figs 4c and 5b, d, e). We conclude, therefore, that 
growth arrest, senescence and cell death act as barriers to the progres- 
sion of PanINs to PDAC in the absence of Atg7. 

Because Atg7 has an autophagy-independent role and because early 
death limited analysis of PDAC progression in Atg7 ‘~ mice, we also 
assessed PDAC development in the absence Atg5 (refs 25, 26). PanIN 
formation was again observed when mutant Kras was expressed in Atg5- 
deficient pancreases (Extended Data Fig. 6), but progression to PDAC 
never occurred even though some mice had lifespans over 500 days of 
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Figure 2 | Autophagy-deficient mice show enhanced Ras-driven PanIN 
formation but do not develop PDAC. a, Alcian blue/PAS (AB/PAS) 
staining in pancreases from 150-day-old Atg7-proficient or Atg7-deficient 
Kras@7?'* mice (wild-type mice with expression of Kras®'”” in their 
pancreases). b, Quantification of PanIN from mice of the indicated genotype 
and age. Fold increase and male/female ratios are shown. Box plots express 
the first (Q1) and third (Q3) quartiles set by the upper and lower limits 

of the box, whereas the median is shown by the horizontal line inside the 
box. The whiskers extend upward and downward to the highest or lowest 
observation within the upper (Q3 + 1.5 X the interquartile range) and lower 
(Q1 — 1.5 X interquartile range) limits. Values outside the upper and lower 


limits are ‘outliers’ and are shown by individual symbols. c, d, Kaplan-Meier 
analysis comparing overall survival (c) or PDAC-free survival (d) of 
Atg7*'* (blue) or Atg7'~ (red) Kras@!’"'* mice. e, PanIN grading of 
pancreases from 150-day-old Atg7*’* or Atg7 ‘~ Pdx-Cre Kras@!?”"* mice. 
Values are mean and error bars are s.d. b, e, A Mann-Whitney U-test was used 
for statistics. f, Representative p53 staining from 150-day-old mice of 

both genotypes. g, PDAC-free survival of autophagy-proficient (blue) and 
Atg5-deficient (red) Kras@?>'* mice. d, g, Median survival + s.d. and 
male/female (m/f) ratio are provided. ‘n/a’, no animals succumbed to PDAC. 
A log-rank test (Mantel-Cox) was used for statistics. a, f, Scale bars: 500 pm 
(a), 50 um (f). *P < 0.05, **P < 0.01; NS, not significant. 
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age (Fig. 2g). This therefore confirms that mutant Ras-driven PDAC 
requires autophagy in the presence of wild-type p53. 

Loss or mutation of p53 occurs in 50% of human PDAC**. We there- 
fore questioned whether p53 is required to block PanIN to PDAC pro- 
gression upon deletion of Atg7. Mice were generated that contained a 
mutant allele of Kras, homozygous floxed alleles for p53 and either 
wild-type or floxed alleles for Atg7. Not only did tumours now form 
irrespective of autophagy status, but time of death was significantly acce- 
lerated in Atg7~'~ compared to Atg7*’* mice (Fig. 3a). All tumours 
arising in Atg7-deficient pancreases lacked Atg7 expression and had 
accumulation of LC3-I and p62, indicating loss of autophagy (Fig. 3b). 

We next considered whether mice lacking Atg7 die early from acce- 
lerated tumour onset or pancreatic dysfunction. Mice were therefore 
killed at set times after birth and the mass of evident tumours recorded. 
This revealed that Atg7 loss accelerates PDAC formation and age- 
matched tumours had a greater mass in Atg7 ‘~ mice (Fig. 3c, d). By 
contrast, no mice showed signs of pancreatic insufficiency, indicating 
that this was not the cause of early death in the absence of Atg7 (Extended 
Data Fig. 7a). In conclusion, whereas Atg7 is required for tumour develop- 
ment in a p53-proficient background, in the absence of p53, Atg7 con- 
versely has a tumour-suppressive role. Similar results were observed 
on deletion of Atg5 (Fig. 3e and Extended Data 7b). 

Inhibition of autophagy with hydroxychloroquine is considered a 
therapeutic option for cancer, and its use against mouse PDACs that 
developed with wild-type p53 and pancreatic tumour xenografts con- 
taining mutant p53 is reported to be beneficial”’*. Our genetic data 
suggest, however, that hydroxychloroquine might instead be tumour- 
promoting in Ras-driven pancreatic tumours that develop without p53. 
To test this we treated autophagy-competent mice with hydroxychlo- 
roquine and found that PDAC formation was significantly accelerated 
(Fig. 3f and Extended Data Fig. 8a). Notably, treatment did not affect 


« F : + +/+ 
pancreatic function or PanIN numbers in joa p53 ‘* mice 


(Extended Data Fig. 8b-d). These data therefore support that loss of 
Atg7 or Atg5 affects tumour development through autophagy inhibi- 
tion and highlight caution in the use hydroxychloroquine in certain 
tumour settings. 

Because autophagy is critical for tumour development driven by Ras 
alone, why is this not the case in the absence of p53? We noted that 
tumours from p53-deficient mice had markedly fewer autophagosomes 
when compared to those that developed with p53 (Fig. 4a). Similarly, 
cell lines from p53 ‘~ tumours had significantly lower levels of LC3-II 
(the autophagosome-bound form of LC3) and decreased autophagic 
flux (Fig. 4b and Extended Data Fig. 9a, b), indicating that autophagy 
is not actively promoted in these tumours/cell lines because their 
viability is not intricately dependent on the process. In studies where 
growth of Ras-driven tumours is autophagy-dependent, loss of autop- 
hagy causes decreased oxygen consumption—an indicator of diminished 
oxidative metabolism*”. In the absence of p53, however, loss of autop- 
hagy does not reduce oxygen consumption or mitochondrially asso- 
ciated metabolites such as citrate (Fig. 4c and Extended Data Fig. 9c), 
indicating that the TCA cycle is unaffected by autophagy loss in this 
context. In contrast, loss of autophagy causes increased extracellular 
acidification via enhanced glycolysis, as exemplified by increased glu- 
cose consumption, extracellular lactate accumulation and the fact that 
increased acidification can be blocked with the hexokinase inhibitor 
2-deoxyglucose (Fig. 4d—g)””. 

We were also interested to understand why Atg7-deficient tumours 
manifest earlier, as analysis of pancreases at 21 days of age revealed 
equal PanIN numbers irrespective of Atg7 status (Extended Data Fig. 9d). 
Our in vitro analysis revealed that autophagy-deficient cells have 
enhanced glucose uptake as measured by intake of 2-deoxyglucose 
(Fig. 4h), and analysis of '*F-fluorodeoxyglucose ('*F-FDG) uptake 
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Figure 3 | Genetic or pharmacological inhibition of autophagy in the 
absence of p53 permits and accelerates PDAC formation. a, Kaplan-Meier 
analysis comparing PDAC-free survival in Atg7*’* (blue) or Afg7 ‘~ (red) 
Kras@?"'* p53~'~ mice. b, Pancreatic tumours of indicated genotypes stained 
for Atg7, LC3 and p62. Insets are magnified crops from the same images to 
show specifics of LC3 and p62 staining. The magnification is x 4. c, Tumour 
incidence and tumour weight (median, s.e.m.) in mice from indicated 
genotypes, killed at 21, 29 and 38 days of age. Numbers in the incidence 
diagram represent tumour-bearing mice versus all mice. Significance was 
assessed with Fisher’s exact test (incidence) and Mann-Whitney U-test 
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(weight). d, Representative haematoxylin and eosin stainings of pancreases 
from indicated time points and genotypes. e, Kaplan-Meier analysis comparing 
PDAC-free survival of Atg5*/* (blue) or AtgS ‘~ (green) Kras@7""* p53-/~ 
mice. f, Kaplan-Meier analysis comparing PDAC-free survival of 

Kras@2)!* p53 mice that were chloroquine-treated (CQ, red), 
vehicle-treated (PBS, black) or untreated (blue). a, e, f, The blue curve in all 
Kaplan-Meier plots represents the same colony of mice (Kras@?""", p53-/~, 
Atg7 Zea Atgs*! *). A Mantel—Cox test was used for statistics. b, d, Scale bars: 
100 um (b), 200 um (d). *P < 0.05, **P <0.01. 
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Figure 4 | Loss of p53 results in lower levels of autophagy, and combined 
loss of p53 and Atg7 enhances levels of glycolytic and pentose phosphate 
pathway intermediates. a, LC3 staining of representative pancreatic tumours 
from mice of indicated genotypes. Scale bars: 50 um. b, Western blotting for 
LC3, p53 and Atg7 in cell lines derived from individual tumours which 
developed in the absence or presence of p53. c, d, Average oxygen consumption 
rate (OCR, c) and extracellular acidification rate (ECAR, d) of eight 

Atg7*’* and seven Atg7 ‘~ cell lines revealed increased ECAR in 
autophagy-deficient cells. Error bars are s.e.m. e, Treatment with 
2-deocyglucose (2-DG) reduces ECAR and abrogates the difference between 
cell lines from Atg7‘/* and Atg7 ‘~ tumours. Values are the average of three 
biological replicates. Error bars are s.e.m. f, g, LC-MS analysis revealed 
increased glucose consumption from medium (f) and extracellular lactate 


by positron emission tomography confirmed that this was also the 
case in vivo (Fig. 4i). 

Although autophagy loss causes DNA damage which could facilitate 
tumour growth”, our data caused us to speculate that enhanced glucose 
uptake might also support anabolic pathways in autophagy-deficient 
cells. Analysis of endometabolites revealed that Atg7-null cells have 
higher levels of intracellular glucose, glycolytic intermediates and com- 
ponents of the pentose phosphate pathway (Fig. 4j). Owing to the role 
of the pentose phosphate pathway in the generation of reductive power 
and intermediates of amino and nucleic acid biosynthesis, we believe that 
autophagy loss in Ras-driven, p53-deficient tumours results in increased 
glucose uptake and enhanced pools of anabolic intermediates that are 
known to facilitate tumour growth”. Interestingly, increased pentose 
phosphate pathway intermediates were not observed upon Atg7 loss 
in cultures of pre-cancerous ductal tissue (Extended Data Fig. 9e-g). 
However, in PDACs these metabolic changes seem permanent as they 
could not be reversed on reconstitution of autophagy by ectopic expres- 
sion of Atg7 (Extended Data Fig. 10). This indicates that the changes 
in metabolism we observed in PDACs caused by deletion of Atg7 are 
associated with p53 loss and may be a response to increased aggressive- 
ness of the tumour. These findings clearly show that p53 status switches 
the role of autophagy during pancreatic tumour development, highlight- 
ing important considerations for the treatment of malignant disease. 


METHODS SUMMARY 

Mouse strains were described previously and all experiments were carried out 
in compliance with UK Home Office regulation. Where indicated, 3-4-week-old 
mice were treated with 60 mgkg ‘day ' hydroxychloroquine by intraperitoneal 


15,16,26 


accumulation (g) in Atg7-null cell lines. Values are the average of eight 
(Atg7*’*) and seven (Atg7 ‘~) biological replicates. h, LC-MS analysis shows 
increased accumulation of 2-DG and its metabolite 2-DG-6-phosphate in 
Atg7-deficient cell lines. Values are averages of five biological replicates for each 
genotype. i, Background levels of '*F-EDG uptake in brain and heart can be 
seen in sagittal and coronal views (middle and right panels, respectively) of 
wild-type Atg7 mice (top row). In contrast, intense '"F-FDG uptake is seen in 
pancreatic tumours of Atg7 deficient mice (bottom row). j, LC-MS of 
intracellular glycolytic and pentose phosphate pathway intermediates shows 
enhanced accumulation in Atg7 ‘~ tumour cell lines. Values are average of 
eight (Atg7*/*) and six (Atg7 ‘~) biological replicates. f-h, j, Error bars are 
s.e.m. a, f-h, j, A Mann-Whitney U-test was used to ascertain significance. 
*P< 0.05, **P <0.01. 


injection. For all Kaplan-Meier analyses shown in figures, tables are provided that 
show median survival + standard deviation (s.d.) and male/female ratios (m/f). In 
some cases, the number of mice succumbing to PDAC is shown (event (ev)), 
followed by the total number (total) of mice of the same genotype. For immuno- 
histochemical analysis, samples were fixed for at least 24h in neutral-buffered 
formalin and stained with the following antibodies as previously described’: 
p53 (Vector labs), p21 (Santa Cruz), LC3 (Nanotools), p62 (Biomol), ATG7 (Santa 
Cruz). Mucin from PanINs was visualized by staining with Alcian blue/Periodic 
acid’. For PanIN quantification all PanINs per histological section (H&E) were 
counted and divided by the area occupied by the pancreatic tissue on the slide. Cell 
lines from PDACs were generated and cultured as described previously”. Meta- 
bolic parameters were assessed from cells during logarithmic growth. Antimycin A 
was added where indicated to block mitochondrial respiration. Endo- and exome- 
tabolites were measured by LC-MS as previously described*’. Quantification of 
'SE_EDG uptake in Atg7 wild-type and deficient mice is expressed as a ratio of the 
maxim standard uptake value (SUV) within the tumour to the mean SUV within a 
reference tissue (liver). Western blotting was undertaken using standard techni- 
ques. Proteins were detected with the following antibodies: p38 (Cell Signaling), 
LC3B (Cell Signaling), p53 (Cell Signaling), ATG7 (Santa Cruz). Where indicated, 
cells were treated with 10 mM 2DG. Cell counting and densitometry were done 
using Image] software. Tests used to determine statistical significance are provided 
in the figure legends. *P < 0.05, **P < 0.01 and ***P < 0.001. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Mechanism of farnesylated CAAX protein processing 
by the intramembrane protease Rcel 
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CAAX proteins have essential roles in multiple signalling path- 
ways, controlling processes such as proliferation, differentiation 
and carcinogenesis’. The ~120 mammalian CAAX proteins func- 
tion at cellular membranes and include the Ras superfamily of small 
GTPases, nuclear lamins, the y-subunit of heterotrimeric GTPases, 
and several protein kinases and phosphatases’. The proper locali- 
zation of CAAX proteins to cell membranes is orchestrated by a 
series of post-translational modifications of the carboxy-terminal 
CAAX motifs’ (where C is cysteine, A is an aliphatic amino acid and 
X is any amino acid). These reactions involve prenylation of the cys- 
teine residue, cleavage at the AAX tripeptide and methylation of the 
carboxyl-prenylated cysteine residue. The major CAAX protease 
activity is mediated by Rcel (Ras and a-factor converting enzyme 1), 
an intramembrane protease (IMP) of the endoplasmic reticulum*” 
Information on the architecture and proteolytic mechanism of Rcel 
has been lacking. Here we report the crystal structure of a Methano- 
coccus maripaludis homologue of Rce1, whose endopeptidase spe- 
cificity for farnesylated peptides mimics that of eukaryotic Rce1. Its 
structure, comprising eight transmembrane a-helices, and catalytic 
site are distinct from those of other IMPs. The catalytic residues are 
located ~10 A into the membrane and are exposed to the cytoplasm 
and membrane through a conical cavity that accommodates the pre- 
nylated CAAX substrate. We propose that the farnesy] lipid binds to 
a site at the opening of two transmembrane a-helices, which results in 
the scissile bond being positioned adjacent to a glutamate-activated 
nucleophilic water molecule. This study suggests that Rcel is the 
founding member of a novel IMP family, the glutamate IMPs. 
Rcel is a type II CAAX prenyl endopeptidase that was first identified 
in Saccharomyces cerevisiae together with the type I CAAX-processing 
enzyme, Ste24p (also known as ZMPSTE24 or Afclp)**. This proces- 
sing enzyme is a zinc metalloproteinase with a specific role in the pro- 
cessing of prelamin A in all eukaryotes and a-factor in yeast. Rcel, by 
contrast, has a much wider specificity, processing all farnesylated and 
geranylgeranylated CAAX proteins. However, extensive sequence and 
biochemical analyses have been unable to classify Rce1 within the three 
conventional IMP families. These are the rhomboids’, the intramem- 
brane metalloproteinases (which include S2P)* and the aspartyl prote- 
ases (which include presenilin® and SPP). The membrane proteases 
ZMPSTE24 (refs 10, 11) and FlaK” have their catalytic sites at the mem- 
brane interface. Rcel belongs to the ABI (abortive infection) family of 
putative IMPs and has homologues in all three domains of life. The ABI 
family is defined by three conserved motifs'*"* that constitute the cata- 
lytic site of the ABI proteases and whose importance has been demon- 
strated by mutational analysis of yeast Rcelp'*'®. Rcel inactivation has 
also been shown in mice to result in the mislocalization of Ras proteins 
from the plasma membrane’’. The consequent disruption of Ras sig- 
nalling inhibited the Ras-induced transformation of fibroblasts'” but 
accelerated progression of K-Ras-induced myeloproliferative disease’”™*. 


In addition, RceI-deficient mice have been found to develop lethal 
dilated cardiomyopathy’’, and Reel is also essential for the survival 
of photoreceptor cells in mice’. 

To understand the structure and catalytic mechanism of Rcel, we 
examined the expression and solubility properties of ~30 Rcel homo- 
logues (including human, yeast and prokaryotic homologues) using 
fluorescence-detection size-exclusion chromatography (FSEC) and diffe- 
rential scanning fluorimetry (data not shown). Rcel from the archaea 
Methanococcus maripaludis (MmRce1) was identified as a suitable can- 
didate for structural studies, and the full-length protein (276 residues, 
15% sequence identity with human RCE1) was crystallized in complex 
with a conformation-sensitive monoclonal antibody Fab fragment 
(Extended Data Fig. 1). The structure of MmRce1-Fab was determined 
by molecular replacement using the Fab fragment as a search model, 
and the complex was refined to 2.5 Aresolution (Extended Data Table 1). 

A fluorescence-based protease assay showed that MmRcel hydro- 
lyses a farnesylated peptide modelled on the C terminus of human 
RhoA (Fig. 1a, b and Extended Data Fig. 2). Similar to its eukaryotic 
orthologues”, peptide hydrolysis depends on a farnesylated cysteine 
residue; however, in contrast to human RCE1 (ref. 21), MmRcel did 
not proteolytically cleave geranylgeranylated peptides (data not shown). 
Eukaryotic Rcel is an endoprotease that specifically cleaves immedi- 
ately C-terminally to the farnesyl cysteine (at position 1 (P1))*”*. Mass 
spectrometry analysis indicated that MmRcel is also an endoprotease, 
although with a slightly relaxed specificity, cleaving the CAAX motif 
C-terminal to both P1 and P1’ (Fig. 1b, c). MmRcel is inhibited by 
N-acetyl-S-farnesyl-L-cysteine (AFC), the minimal analogue of farne- 
sylated peptides (Fig. 1a). The ability of MmRcel to cleave specifically 
farnesylated peptides validates it as a model for understanding the 
mechanism of CAAX processing by eukaryotic Rcel. 

The structure of MmRcel comprises eight conserved transmembrane 
ot-helices (TM1-8), with two peripheral membrane «-helices (#A and 
aB) (Fig. 2a, b). Reel is topologically distinct from other IMPs and, to 
our knowledge, represents a novel protein fold. The molecule is appro- 
ximately 35 A in length, 26 A in width and 46 A in height, allowing it to 
be embedded in the phospholipid membrane (Fig. 2c). Except for aA 
and oB, which interconnect TM2 with TM3 and TM7 with TM8, respec- 
tively, short loops link the transmembrane helices. 

The ~100-residue ABI domain corresponds to TM4, TM5, TM6 and 
TM7 (Fig. 3a, c). These four transmembrane helices form an antipara- 
lel helix bundle that has approximately two-fold symmetry and is 
surrounded by the less conserved helices TM1, TM2, TM3 and TM8 
(Extended Data Fig. 3). The three conserved motifs of the ABI domain 
are positioned on TM4, TM5 and TM7 (Fig. 3a, c). Seven transmem- 
brane helices delineate a large conical catalytic cavity (volume 1,400 A’) 
(Fig. 2a, cand Fig. 3a). The catalytic residues E140, H173, H227 and N231 
are located at the top of the cavity, inside the membrane (Figs 2c and 3a, b). 
This conformation of transmembrane helices allows unrestricted solvent 
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Figure 1 | MmRcel is an endoprotease specific for farnesylated peptides. 
a, The proteolytic activity of wild-type MmRcel (Reel; set to 100%) compared 
with the MmRcel-Fab complex (+ Fab), MmRcel incubated with a molar 
excess of AFC (+ AFC) and MmRcel incubated with a non-farnesylated 
peptide (+ Non-F peptide), as determined by fluorescence resonance energy 
transfer (FRET) assay. The data are presented as mean + s.d. for n = 3 
experiments. b, A schematic representation of the RhoA-derived farnesylated 
peptide. The two cleavage sites identified by mass spectrometry are marked 
with red arrows. c, Semi-quantitative mass spectrometry data for the uncleaved 
and truncated farnesylated peptides (where, for example, P10/P9 denotes 
cleavage between P9 and P10 after incubation with MmRcel. Many of the 
truncated forms were also present in the no enzyme control sample 

(— Enzyme). These might be by-products of peptide synthesis that are isobaric 
with truncations corresponding to positions P2’/P3’ and P6/P5 to P10/P9. 
Only the P1’/P2’ and P1/P1’ truncations (ARSGAKASGC(farnesyl)L and 
ARSGAKASGC(farnesyl), respectively) are found in the + Enzyme sample. 
The data are presented as the mean + 2 s.d. from n = 4 experiments. 


access to the catalytic site from the cytoplasm at the base of the cavity. 
One side of the conical cavity is open to the membrane through a gap 
between TM2 and TM4. Access to the periplasm (the endoplasmic 
reticulum lumen) is blocked by the conserved residue R145, which 
interacts with T210 and the invariant E141 (Fig. 2a, b). 

To understand the relevance of the MmRcel structure in the context 
of the MmRce1-Fab complex, we assayed MmRcel in the presence of 
the Fab. The formation of the MmRcel-Fab complex had no effect on 
the catalytic activity of MmRcel (Fig. 1a and Extended Data Fig. 1), even 
though MmRcel and the Fab form extensive contacts (1,100 A’) that 
would prevent conformational changes in the seven transmembrane 
helices that delineate the catalytic cavity. Thus, in the crystal structure 
of MmRcel, the catalytic residues are correctly aligned for cleaving a 
farnesylated peptide, although it is possible that conformational changes 
are required to accommodate larger, prenylated protein substrates. Both 
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Figure 2 | MmRcel is an IMP with eight transmembrane a-helices. 

a, b, Two views showing ribbon representations of MmRcel (molecule C from 
the asymmetric unit). The side chains of the five invariant ABI domain 
residues (and the conserved R145 and T210) are shown as ball-and-stick 
representations (with oxygen in red and nitrogen in blue). The catalytic water 
(W) molecule is shown as a red sphere. Hydrogen bonds are shown as 
dashed yellow lines. a, View of the molecule parallel to the membrane. 

b, View of the molecule from the luminal side of the endoplasmic reticulum 
(ER). c, The molecular surface of MmRcel, colour-coded by electrostatic 
potential ranging from blue (most positive) to red (most negative) to white 
(uncharged). The lipid membrane (~30 A) is indicated by the grey 
background, based on the distribution of nonpolar residues and 
transmembrane helices. The E140 side chain and the catalytic water molecule 
are shown. The catalytic water molecule is located ~10 A into the membrane. 


the bacterial rhomboid GlpG**”’ and S2P®* have been proposed to 
undergo conformational shifts to mediate substrate gating, and struc- 
tural changes in presenilin’ and FlaK” are necessary to align catalytic 
site residues. 

Rcel has no sequence similarity to other proteases’*. It therefore repre- 
sents a novel protease, and interestingly it has no paralogues in eukar- 
yotes. Both cysteine-enzyme-based and metalloenzyme-based catalytic 
mechanisms have been proposed for Rcel (refs 13, 15). However, the 
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absence of an evolutionarily conserved cysteine residue (Fig. 3c and 
Extended Data Fig. 3) precludes a thiol-based mechanism’*"*. Strong 
evidence also indicates that Rcel is not a metalloenzyme. MmRcel 
activity is unaffected by EDTA or Zn** (Extended Data Fig. 4a). Its 
concentration-dependent inactivation by 1,10-phenanthroline, a hydro- 
phobic metal chelator, results from nonspecific protein unfolding 
(Extended Data Fig. 4). Furthermore, we did not detect Zn** ions bound 
to MmRcel by using proton-induced X-ray emission (PIXE) or total 
reflection X-ray fluorescence (TXRF) (data not shown), and no Zn?* 
ions were identified in the MmRcel crystal structure. 

All five conserved residues of the ABI domain (Fig. 3c) have been 
implicated in catalysis’*'®. Three residues of S. cerevisiae Rcelp—E156, 
H194 and H248 (equivalent to E140, H173 and H227 of MmRcel)— 
are critical for catalysis'*’®, whereas mutation of either E157 or N252 
(E141 and N231 of MmRcel1) impairs catalytic activity’® (see Fig. 3c). 
We confirmed that MmRcel catalytic activity is strictly dependent on 
E140 and H173 and that mutation of either E141 or H227 severely dis- 
rupts activity (Fig. 3d). Similar to its eukaryotic homologues”’, repla- 
cing the asparagine residue at position 231 with an alanine residue 
(N231A) abolished MmRcel catalytic activity (Fig. 3d). Interestingly, 
in a few prokaryotic Rcel homologues, aspartate is present instead of 
asparagine at position 231 (D231) (refs 13, 14) (Fig. 3c). When aspartate 
was substituted into MmRcel at this position (N231D), the protease 
activity was ~40% of that of the wild-type protein (Fig. 3d). However, at 
a higher pH, the wild-type MmRcel protease activity was unchanged, 
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whereas the N231D mutant was essentially inactive, suggesting that 
deprotonation of D231 inactivates MmRcel (Fig. 3d). The low activity 
of the N231A mutant and the pH-dependent activity of MmRce1(N231D) 
indicate a catalytic role for a hydroxyl group at this position. Using 
thermal shift and circular dichroism assays, we detected no effect of 
the mutations on either MmRcel stability or conformation (Extended 
Data Figs 5 and 6). 

The buried position of E141 (Fig. 3a, b) suggests that it may have an 
indirect structural role and that the critical catalytic residues of MmRcel 
are E140, H173, H227 and N231. The side chains of these four residues 
project into the solvent-filled catalytic cavity. E140 and H173, the resi- 
dues that are most critical for catalysis, face each other from oppo- 
site transmembrane helices and coordinate a bridging water molecule 
(Fig. 3b). Two conserved aromatic residues (W144 and W169) contact 
the carboxylate side chain of E140, potentially raising its pK, (Fig. 3b). 
Thus, a likely catalytic mechanism would involve E140 and H173 general 
base-catalysed deprotonation of a water molecule for nucleophilic attack 
on the scissile bond of the peptide substrate. The side chains of H227 
and N231, positioned on successive helical turns of TM7 opposite the 
catalytic dyad of E140 and H173, are likely to donate hydrogen bonds 
to stabilize the oxyanion transition state. Protonation of the leaving 
amino group of the AAX tripeptide could be catalysed by either E140 
or H173 (Extended Data Fig. 7). 

Although Rcel belongs to a novel protease family, the proposed cata- 
lytic mechanism has similarities to that of other proteases (Extended 


Figure 3 | The conserved catalytic ABI domain of 
MmRcel1 is responsible for catalysis. a, Outline of 
the MmRcel cavities as a surface representation 
(pink). The side chains of the five invariant ABI 
domain residues (and the conserved R145) are 
shown as ball-and-stick representations, and the 
catalytic water (W) is shown. TM4, TM5, TM6 and 
TM7 constitute the ABI domain (purple). 

b, Detailed interactions of the catalytic water 
molecule (red sphere) with the catalytic residues 
(E140 and H173). Hydrogen bonds are shown as 
dashed yellow lines. H227 and N231 are the 
residues that form the oxyanion hole. c, Multiple 
sequence alignment of the ABI domains from Rcel 
homologues representing all three domains of life: 
Homo sapiens RCE1 (HsRcel; UniProt ID 
Q9Y256), Saccharomyces cerevisiae Rcelp (ScRcel; 
UniProt ID Q03530), Streptomyces coelicolor Rcel 
(ScoRcel; UniProt ID Q9XAK4), Methanococcus 
maripaludis Rce1 (MmRce1; UniProt ID Q6LZY8) 
and Lactobacillus plantarum Reel (LpRce1; 
UniProt ID C6VK86). The residues that were 
mutated in this study and disrupt activity are 

We indicated by green and orange arrows: the green 
arrows indicate catalytic residues, and the orange 
arrow indicates a putative farnesyl lipid-binding 
residue in TM4. Red indicates invariant residues, 
yellow indicates conserved residues. d, Proteolytic 
activity of wild-type MmRcel (Rcel; set to 100%) 
and point mutants of MmRcel towards a 

10 farnesylated peptide, as determined by FRET assay. 
Mutation of any of the five conserved ABI domain 
residues impairs MmRcel catalytic activity. The 
data are presented as the mean + s.d. of n = 3 
experiments. 
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Figure 4| MmRcel catalytic mechanism has similarities to that of 
ZMPSTE24 and GlpG. a, Comparison of the catalytic site conformations of 
MmRcel (cyan) and ZMPSTE24 (orange; PDB ID 4AW6)"". Important side 
chains are shown as ball-and-stick representations, and the catalytic water 
molecule (W) is shown as a red sphere. The Zn atom is coloured pink and its 
coordination to Glu 415 is shown by a pink dashed line. Both proteins have 
similar cavities leading to the catalytic site. b, Comparison of the catalytic site 
conformations of MmRcel (cyan) and GlpG (magenta; PDB ID 207L)”’. 
The catalytic water molecule from MmRcel is located in a similar position to 


Data Fig. 7). The membrane-associated zinc metalloproteinases S2P*, 
ZMPSTE24 and Ste24p (refs 10, 11) use a glutamate-activated water 
molecule for cleavage of the scissile bond (Fig. 4a and Extended Data 
Fig. 7), as does the recently described fungal glutamic peptidase SGP”*. 
In S2P, an asparagine residue is proposed to stabilize the oxyanion’. 
Our inspection of the ZMPSTE24 and Ste24p catalytic sites (refs 10, 11) 
suggests a similar role for asparagine and/or histidine residues (Fig. 4a 
and Extended Data Fig. 7). A striking similarity exists with the protease 
GlpG, in which the proposed oxyanion hole is formed by H150 and 
N154 in its invariant HX3N motif, which is located on successive turns 
of a transmembrane helix***’”, analogous to the proposed oxyanion 
hole of H227 and N231 in MmRcel. Superimposing H227 and N231 
onto their equivalent residues in the HX3N motif of GlpG reveals that 
the position of the proposed glutamate-activated nucleophilic water of 
MmBcel exactly matches that of the nucleophilic hydroxyl group of 
the S201 side chain of GlpG (Fig. 4b). In support of the idea that H173 
of MmRcel activates the nucleophilic water for attack on the peptide 
substrate, the imidazole side chain of H173 superimposes with H254, 
in the serine-histidine catalytic dyad in GlpG (Fig. 4b and Extended 
Data Fig. 7). Thus MmRcel, analogous to metalloproteinases, aspartyl 
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the catalytic serine (S201) hydroxyl in GlpG. Hydrogen bonds are shown as 
dashed lines. c, Cartoon representation of MmRcel with a farnesylated peptide 
(GAKASGC(farnesyl)LVS) modelled at its catalytic site. The ABI domain 
helices are shown in blue, and the conserved TM4 fragment (L132 to T138) is 
shown in dark pink. The nonpolar residues in TM2 and TM4 that flank the 
farnesyl lipid are labelled. d, Detailed view of the catalytic site of MmRcel 
shown in c. The catalytic residues (E140 and H173), the catalytic water 
molecule and the oxyanion residues (H227 and N231) are shown. Hydrogen 
bonds are shown as dashed yellow lines. 


proteases and SGP, uses a carboxylate to activate a nucleophilic water 
molecule; however, both MmRcel and SGP are unlike other proteases 
in that they do not polarize the carbonyl group of the scissile peptide. 

To understand how MmRcel recognizes its substrates, we modelled 
a farnesylated peptide, based on the CAAX motif of RhoA, at the cata- 
lytic site of Rcel. The peptide adopts a B-hairpin conformation with 
the scissile bond positioned adjacent to the putative nucleophilic water 
molecule (Fig. 4c, d). The model is consistent with the proposed cata- 
lytic mechanism and suggests that the farnesyl lipid enters MmRcel’s 
catalytic site from the membrane, sealing the opening between the non- 
polar faces of TM2 and TM4. The interaction of the farnesyl lipid at this 
site would position the isoprenyl cysteine relative to the catalytic water 
molecule, contributing to defining the CAAX motif cleavage site. There 
is sufficient space to accommodate the aliphatic residues of the CAAX 
motif adjacent to TM5, TM6 and TM7, whereas the six residues amino- 
terminal to the CAAX motif and the C-terminal X residue would occupy 
the solvent-filled conical cavity, which leads into the cytoplasm. The 
large volume of the cavity, which is capable of accommodating diverse 
residues, is consistent with the variation in the sequence of Rcel sub- 
strates N-terminal to the CAAX motif. Mutations of TM5, which 
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might alter the size of the AAX-motif binding pocket, modify the 
specificity of yeast Rcelp for CAAX*®. In support of the model that 
the opening between TM2 and TM4 creates the farnesyl lipid-binding 
site, substitution of either L45 of TM2 or L132 of TM4 with a bulky 
tryptophan residue, to disrupt this site, substantially reduced MmRcel 
activity (Extended Data Fig. 8), without affecting the protein structure 
(Extended Data Figs 5 and 6). To gain insight into the structure of euka- 
ryotic Rcel and its capacity to process both farnesylated and geranyl- 
geranylated peptides, we generated a model of human RCE1 (Extended 
Data Fig. 8). Compared with MmRcel, the model predicts a longer 
TM4 helix that might provide a more extensive hydrophobic surface to 
promote favourable interactions with the C20 prenyl chain ofa gerany- 
Igeranyl lipid. 

This study establishes Rcel as a founding member of a novel family 
of glutamate-dependent IMPs. Insights into the structure and mecha- 
nism of Rcel have implications for the development of antagonists of 
CAAX motif processing, which have the potential to disrupt Ras sig- 
nalling pathways. 


METHODS SUMMARY 


MmRcel was expressed in Escherichia coli and purified to homogeneity by affinity 
chromatography and gel filtration. BALB/c mice were immunized with reconsti- 
tuted MmRcel proteoliposomes, and antibodies were raised to recognize conforma- 
tional epitopes of the protein. MmRcel was mixed with the Fab fragment Fab645-2, 
and the complex was crystallized as described in Methods. Diffraction data were 
collected on beamline 104-1 at the Diamond Light Source (UK). The structure was 
solved by molecular replacement, using an antibody Fab fragment structure (Protein 
Data Bank (PDB) ID 3VG9) as the search model. The data collection and refinement 
statistics are summarized in Extended Data Table 1. A fluorescence resonance energy 
transfer (FRET) assay was used to demonstrate the proteolytic activity of MmRcel 
towards the C-terminal CAAX cleavage site of a farnesylated peptide modelled on 
human RhoA. MmRcel was shown to be an endoprotease by mass spectrometry, 
and a farnesylated peptide was modelled into the catalytic site of the protein. The 
human RCE1 homologue was modelled in its apo state and as a complex with a 
geranylgeranylated peptide. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Chromatin connectivity maps reveal dynamic 
promoter-enhancer long-range associations 
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In multicellular organisms, transcription regulation is one of the 
central mechanisms modelling lineage differentiation and cell-fate 
determination’. Transcription requires dynamic chromatin con- 
figurations between promoters and their corresponding distal regu- 
latory elements”. It is believed that their communication occurs 
within large discrete foci of aggregated RNA polymerases termed 
transcription factories in three-dimensional nuclear space’. However, 
the dynamic nature of chromatin connectivity has not been char- 
acterized at the genome-wide level. Here, through a chromatin 
interaction analysis with paired-end tagging approach’ using an 
antibody that primarily recognizes the pre-initiation complexes of 
RNA polymerase II°, we explore the transcriptional interactomes of 
three mouse cells of progressive lineage commitment, including 
pluripotent embryonic stem cells’, neural stem cells®* and neuro- 
sphere stem/progenitor cells’. Our global chromatin connectivity 
maps reveal approximately 40,000 long-range interactions, suggest 
precise enhancer-promoter associations and delineate cell-type-specific 
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chromatin structures. Analysis of the complex regulatory repertoire 
shows that there are extensive colocalizations among promoters and 
distal-acting enhancers. Most of the enhancers associate with pro- 
moters located beyond their nearest active genes, indicating that 
the linear juxtaposition is not the only guiding principle driving 
enhancer target selection. Although promoter-enhancer interac- 
tions exhibit high cell-type specificity, promoters involved in inter- 
actions are found to be generally common and mostly active among 
different cells. Chromatin connectivity networks reveal that the 
pivotal genes of reprogramming functions are transcribed within 
physical proximity to each other in embryonic stem cells, linking 
chromatin architecture to coordinated gene expression. Our study 
sets the stage for the full-scale dissection of spatial and temporal 
genome structures and their roles in orchestrating development. 
Gene regulatory networks are organized by spatial connectivity 
between distal regulatory elements (DREs) and their corresponding 
promoters’. Many of these DREs, including cell-specific enhancers, were 


Figure 1 | RNAPII tethers 
promoter-enhancer interactions. 
a, Distribution of promoter-, 
intragenic- and intergenic-centred 
interactions in ESCs. The 
percentages of P-inter, P-intra and 
P-P interactions are listed. 

b, Enrichment of H3K4mel signal 
density** (y axis: RPM, reads per 
million) along the non-promoter 
nodes (x axis). Signal from random 
control regions is shown in blue. 

c, Enrichment of 12 transcription 
factors, Ctcf, p300 and MTL 
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(20,126) 


(multiple-transcription-factor- 
binding loci) occupancies at non- 
promoter regions. d, Boxplot 
expression (reads per kilobase per 
million reads (RPKM) as y axis) of 
the genes with versus without 
interactions (x axis) in ESCs. 


RefSeq with interaction 
(9,745) 
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Figure 2 | Distal interaction loci display enhancer activities in zebrafish. 

a, The PET-5 cluster showing an intergenic region, MTL12, on chromosome 15 
that targets in trans the npm1 promoter on chromosome 11 in ESCs. Embryos 
from 8, 12 and 24 hours post fertilization (hpf) are shown with the endogenous 
npm1a expression pattern as detected by whole-mount in situ hybridization 
(adapted from ref. 29 with permission). b, A cis-acting interaction region, 
MTL22, on chromosome 12, 9 kb upstream to the dact1 target gene in ESCs. 
Zebrafish enhancer assays from 8, 12 and 24 hpf and endogenous dact1 in situ 
hybridization are shown (adapted from ZFIN (http://zfin.org/) with 


characterized for their vital function in development and differentiation’. 
Increasing evidence has shown that DREs can function over long distances’, 
even on a different chromosome”? from their target genes. However, 
much of our current knowledge of cell-specific transcription regu- 
lation is based on extensive survey of DREs in the linear genome*'?”’. 
The direct delineation of genome-wide DRE-promoter interactions is 
still very limited, and how chromatin structure regulates transcription 
is largely unknown. 

To explore the promoter-associated chromatin interactomes, we 
used the RNA polymerase II (RNAPII) chromatin interaction analysis 
with paired-end tagging (ChIA-PET) approach’ (see Methods) in 
three murine cell types: embryonic stem cells (ESCs), neural stem cells 
(NSCs) and neurosphere stem/progenitor cells (NPCs). NSCs and NPCs 
are two widely used neural development models representing different 
commitment steps. NSCs are clonally derived early neural stem cells 
obtained by in vitro differentiation of ESCs*, whereas NPCs are neural 
progenitor cells derived ex vivo from the forebrain telencephalic 
region’. Further examination of their transcription profiles confirms 
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permission). c, A zebrafish-validated enhancer, mE12, located in the 13th 
intron of the slc13a4 gene interacts with cell-specific target genes: 
1810058124Rik (cis in NSCs) and sema5b (trans in ESCs). At 24 and 48 hpf, this 
enhancer drove GFP expression in the somitic muscles and olfactory vesicle. 
d, Interactions mediated from the ‘poised’ enhancer in ESCs (top), NSCs 
(middle) and NPCs (bottom). The interactions are schematically depicted (left) 
and shown in the browser (right). Suz12, Zfx and p300 (ref. 12) binding are 
illustrated. Zebrafish embryo with representative forebrain expression at 48 hpf 
is shown at the bottom. 


their expected cellular origins (Supplementary Information section 1). 
Chromatin immunoprecipitation (ChIP) efficiency and ChIA-PET 
library quality were evaluated (Extended Data Fig. 1 and Supplemen- 
tary Information section 2) and the data were processed further to 
estimate reproducibility, noise and coverage (Supplementary Infor- 
mation sections 3, 4). Non-chimaeric, uniquely mapped PETs were 
used to define three classes of genome-wide information: the RNAPII- 
associated binding sites and long-range intra- and interchromosomal 
interaction clusters (Extended Data Fig. 2 and Supplementary Table 1). 
Using two independent approaches—quantitative PCR analysis of 
chromosome conformation capture (3C) and DNA fluorescent in situ 
hybridization (FISH)—we were able to validate the defined intra- and 
interchromosomal interactions (Supplementary Information section 5). 
In all we identified 40,000 RNAPII-bound interaction pairs present 
from a total of three cell types (Supplementary Table 2). 

Consistent with its role in transcription initiation, this form of RNAPII, 
with a non-phosphorylated carboxy-terminal domain, tethers most 
(86-92%) of the chromatin interactions surrounding promoter regions 
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RNAPII-anchored non-promoter nodes 


Figure 3 | Characterization of 
putative enhancer-promoter 
targeting. a, Distributions of P-P, 
E-E and E-P interactions in ESCs 
(left) and interchromosomal, 
intrachromosomal with nearest 
promoters and intrachromosomal 
with distal targeting promoters 
(right). The dotted lines indicate the 
relative portions of different 
targeting patterns derived from only 
the P-E interactions. b, Venn 
diagram of non-promoter nodes 
defined among ESCs, NSCs and 
NPCs. c, Putative enhancer- 
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(+2.5 kilobases (kb) of transcription start sites of UCSC known genes). 
In ESCs, roughly half of the promoter-tethered interactions connect 
two promoters (P-P), indicating the prevalence of promoter associa- 
tions in the nucleus. The other half is distributed among promoters 
connecting to either intergenic (24%; P-inter) or intragenic (20%; P-intra) 
regions (Fig. la). Similar profiles are also found in NSCs and NPCs 
(Extended Data Fig. 3a). Through visual examination of these interac- 
tions, we identified many known enhancer-promoter (E-P) interac- 
tions, including the genic loci of Oct4, Nanog, Phcl and Lefty] (ref. 13) 
(Extended Data Fig. 4). Thus, these promoter-centric connectivity 
maps reveal large numbers of putative enhancers through both the 
inter- and intragenic interacting loci. In total, we identified 8,309, 
4,463 and 3,649 putative DREs in ESCs, NSCs and NPCs, respectively. 
In ESCs, these distal loci exhibit enhancer characteristics; namely mono- 
methylated histone H3 lysine 4 (H3K4mel1) enrichment (P< 1 x 10 *), 
occupancy by pluripotent transcription factors and co-activator p300 
(also known as Ep300), as well as sequence conservation" (Fig. 1b, c 
and Extended Data Fig. 5). Furthermore, approximately half of the 
multiple-transcription-factor-binding loci (MTL) previously identified 
in ESCs’* overlap with these distal interaction sites. These regions 
also share significant overlap (P< 1 X 10 *) with occupancy of medi- 
ator, a protein complex known to be associated with enhancers’. Last, 
the expression levels of the genes involved in the RNAPII interactions 
are significantly higher than those with no detected interaction 
(P<2.2 X 10 *°), suggesting that their promoters are transcription- 
ally more active (Fig. 1d and Extended Data Fig. 3b). Interestingly, 
among all the putative enhancers captured by RNAPII-bound inter- 
actions, we found 563 potential ‘poised enhancers’ connecting to the 
bivalent promoters’*. Poised enhancers in ESCs are thought to ‘prime’ 
genes for subsequent for cell-type-dependent transcription activity 
during development’®. 

To directly confirm the in vivo enhancer activities of these non- 
promoter distal interaction loci, we carried out enhancer assays in 
transgenic zebrafish with green fluorescent protein (GFP) reporter 
genes’”. Eleven out of 21 selected putative DRE loci drove reproducible 
and specific GFP expression patterns, indicating their spatiotemporal 
enhancer activity in zebrafish. (Fig. 2, Supplementary Table 3 and 
Supplementary Information section 6). Among them, a poised enhancer 
of tcfl2, a neuronal developmental gene, shows no activity at early 
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developmental stages but displays forebrain-specific activity at later 
developmental stages in zebrafish (Fig. 2d). Likewise in mouse, this 
locus is associated with the bivalent promoter, is bound by Suz12 and 
exhibits repressive trimethylated H3K27 (H3K27me3) modification in 
ESCs. This locus subsequently acquires p300 binding in NSCs and in 
correlation with high Tcf12 expression (reads per kilobase per million 
reads (RPKM) 7, 119 and 75 in ESCs, NSCs and NPCs, respectively). 
Taken together, these distal interacting loci presumably not only func- 
tion as developmental regulators but also retain their targeting specifi- 
cities across different vertebrates. 

These putative E-P interactions defined by ChIA-PET were used to 
decipher the nature of regulatory elements and their targeted gene 
associations in mouse stem cells. Being different from many previous 
studies that assumed proximity as the governing rule for E-P associa- 
tions’, our data suggest that a substantial fraction of these putative 
enhancers do not select their nearest promoters as their targets. In 
ESCs, 76% of the putative enhancer nodes interact beyond their closest 
active genes. Among them, 40% associated with interchromosomal 
interactions and 36% were involved in intrachromosomal interactions 
(Fig. 3a). Similar results were found in NSCs (77%) and NPCs (54%). 
Distal targeting has been reported in selected cases'*'*. Our data sug- 
gest that this could bea pervasive phenomenon throughout the genome. 
Besides long-range targeting, putative E-P interactions also exhibit 
high specificity for targeted genes and cell types. In all three cell types 
examined, 60-70% of the total RNAPII-tethered promoters are assoc- 
iated with only one distinct putative enhancer (E:P ratio = 1) and over 
90% of the potential enhancer loci are associated with only one targeted 
gene (P:E ratio = 1) (Supplementary Table 4). Supplementary Tables 5 
and 6 list the numbers of enhancers and promoters associated with 
each of their corresponding partner nodes in each cell type. Among the 
cell-specific interactions, the putative E-P interactions are the most 
prevalent type, suggesting that cell-specific genes targeted by their 
corresponding enhancers are the most distinctive features of the RNAPII- 
mediated chromatin interactions (Supplementary Table 7). For example, 
Otx1 and Meis2, key forebrain-expressed homeobox genes, are con- 
nected with their cell-specific enhancers in NPCs, but not in NSCs. By 
contrast, NSCs contain specific E-P interactions involving genes 
expressed in the more posterior neuraxis, early development and in 
response to FGF2/EGF-like Adam12, VAV3 and Hoxa (Extended Data 
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Figure 4 | Connectivity networks converged by key transcription regulator 
genes. a, Key re-programming gene network in ESCs. The connectivity was 
built through two hops of all interactions (light grey lines) mediated from 14 
genes. Size of the circles represents the features of the nodes. Colours represent 
their cell specificities. b, Sox2-centric interaction map in ESCs. All of the 


Fig. 6) are found. When all the interacting promoter and distal non- 
promoter nodes are compared separately, only a low percentage of the 
potential enhancers but a high percentage of the promoter nodes over- 
lap among the three cell types (Fig. 3b, c), suggesting that the putative 
enhancers are mostly cell-type-specific but their targeted genes are 
largely common. When the cell-specific nature of these promoters 
was evaluated together with their interaction specificity, cell-specific 
promoters were found to be largely (74-87%) monogamous (E-P ratio 
of 1:1), whereas the universally expressed promoters are mostly (69%) 
promiscuous (E-P ratio of = 2:1) (Fig. 3c). Supplementary Table 8 lists 
the 6,092 interacting promoter nodes found in all three cell types, their 
cell specificity and enhancer connectivity, and examples are shown in 
Extended Data Fig. 7. Therefore, we speculate that distinct regulatory 
elements are used to target ubiquitously expressed genes in different 
cell types and such widespread differential enhancer usage not only 
functions to upregulate target genes but can also serve as a distinct 
mode to organize cell-specific transcription regulatory networks. 

To evaluate whether transcription regulatory circuitry is reflected by the 
cell-specific chromatin organization, we explored the spatial chromatin 


Sox2-directly-interacting genes are labelled. Thick grey lines highlight the 
connectivity between Sox2, KIf1, KIf2 and KIf4. c, d, Olig1-Olig2 interaction 
networks in NSCs (c) and NPCs (d). Thick black lines highlight their common 
interactions. Genes involved in neuronal developments are in bold. 


connectivity of core reprogramming genes” (Pou5f1, Nanog, Lin28a, 
Sox2, KIf4 and Myc) in ESCs through the RNAPII interaction maps. 
The expression of these key reprogramming genes is known to govern 
pluripotency in ESCs through coordinated autoregulatory loops”. Using 
connectivity analysis, three K/f genes (K/f1, KIf2 and KIf4) were found 
to directly link to Sox2 (Extended Data Fig. 8). When the network 
analysis was extended from one to two hops of connectivity, all of 
the reprogramming genes were found to be connected within one 
major hub, except for Myc and Lin28a (Fig. 4a), suggesting that they 
could be colocalized in the nucleus within the same ‘transcriptional 
factory’. Among them, Nanog and Pou5f1 have limited connected edges 
whereas Sox2 has extensive connectivity. 

Sox2 can reprogram somatic cells to ESCs or NSCs”’. In ESCs, the 
Sox2 promoter connects to clusters of ESC-specific enhancers to other 
pluripotency related genes like Sall1, Asflb, Dusp6 and Jund (Fig. 4b). 
In NSCs, a very different Sox2 connectivity profile is observed (Extended 
Data Fig. 9). Such cell-specific connectivity is mediated through dif- 
ferential enhancer usage. Similarly, distinct connectivity maps con- 
structed by oligodendrocyte transcription factors Oligl and Olig2, 
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genes important for neural cell fate determination”, are found in 
NSCs (Fig. 4c) and NPCs (Fig. 4d), respectively. As shown, Olig] and 
Olig2 are directly connected to many genes critical for neuronal 
development in NSCs, including neuropilin (Neto2), Fabp7 and Bsg. 

RNAPII-chromatin interacting complexes captured here result 
from pre-initiation events and not all of them will proceed to active 
transcription or elongation”. Therefore, the rich repertoires of in vivo 
chromatin interactions presumably comprise a mixture of promoters 
with various transcriptional activities. Using the wealth of other genome- 
wide transcription and epigenetic data sets, one can further discriminate 
the transcription states of the identified interacting promoters and 
derive the significance of different ‘transcription factories’. 

Our current study illustrates the complexity and dynamics of the 
underlying chromatin structures in the nucleus; however, we recognize 
that not all the interactions are functional. With additional ChIA-PET 
analyses from various forms of RNAPII, deeper sequencing and increased 
coverage, we expect to capture more promoter-mediated interaction 
pairs and diverse types of regulatory elements. Before concluding new 
insights and principles, any functional model made solely from colo- 
calization association has to be examined together with other inte- 
grated (epi)genomic information and requires extensive functional 
validations, like the zebrafish transgenic assays or genome editing tools 
like CRISPR/Cas”. Finally, we expect that the recapitulation of such 
structure-based framework on a greater diversity of cell types and its 
integrated analyses shall further elucidate the mechanisms driving 
genome re-configuration, and to what extent it contributes to tran- 
scriptional regulation and cell specification. 


22,23 


METHODS SUMMARY 


The ChIA-PET assay was performed using an RNAPII monoclonal antibody 
(8WG16, Covance) with E14 mouse ESC, NSC NS5 and NPC chromatin extracts. 
The sequence data were analysed as described’*. The interactome networks were 
constructed using non-overlapping genomic regions. Nodes were annotated using 
the UCSC Genes annotations as ‘Promoter’ if they were within 2.5kb of any 
transcription start site. Interactomes from various gene sets were visualized in 
Gephi’”. ‘Parallel Force Atlas’ layout was used. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Primary cilia are specialized calcium 


signalling organelles 


Markus Delling'*, Paul G. DeCaen'*, Julia F. Doerner’, Sebastien Febvay' & David E. Clapham! 


Primary cilia are solitary, non-motile extensions of the centriole 
found on nearly all nucleated eukaryotic cells between cell divisions. 
Only ~200-300 nm in diameter and a few micrometres long, they 
are separated from the cytoplasm by the ciliary neck and basal body. 
Often called sensory cilia, they are thought to receive chemical and 
mechanical stimuli and initiate specific cellular signal transduction 
pathways. When activated by a ligand, hedgehog pathway proteins, 
such as GLI2 and smoothened (SMO), translocate from the cell into 
the cilium’”. Mutations in primary ciliary proteins are associated 
with severe developmental defects’. The ionic conditions, perme- 
ability of the primary cilia membrane, and effectiveness of the diffu- 
sion barriers between the cilia and cell body are unknown. Here we 
show that cilia are a unique calcium compartment regulated by a 
heteromeric TRP channel, PKD1L1-—PKD2L1, in mice and humans. 
In contrast to the hypothesis that polycystin (PKD) channels initiate 
changes in ciliary calcium that are conducted into the cytoplasm‘, 
we show that changes in ciliary calcium concentration occur with- 
out substantially altering global cytoplasmic calcium. PKD1L1- 
PKD21L1 acts asa ciliary calcium channel controlling ciliary calcium 
concentration and thereby modifying SMO-activated GLI2 trans- 
location and GLI1 expression. 

We generated a transgenic ARL13B-EGFP mouse (Arl13b-EGFP'®) 
in which primary and motile cilia show spectacular fluorescence label- 
ling throughout the animal, developed ratiometric Ca”* sensor directed 
specifically to cilia, and patch-clamped individual cilia and measured 
the resting membrane potential and a calcium-permeant conductance 
(Ieitias See ref. 5). The Arl13b-EGFP® mice displayed ubiquitous green 
fluorescence only in primary and motile cilia but not in microvilli (Fig. 1, 
Extended Data Fig. 1 and Supplementary Video 1). After incubation of 
E14.5 embryos in clarifying ScaleA2 solution’ (Fig. la-c and Supplemen- 
tary Video 2), three-dimensional imaging of ARL13B-GFP reveals its 
exclusive localization to cilia. Staining of wild-type and Arl13b-EGFP'® 
retinal pigmented cell epithelia (mRPE) cells and mouse embryonic 
fibroblasts (MEFs) with ciliary markers confirmed that ARL13B-EGFP 
is localized exclusively to cilia without noticeable alteration of cilia mor- 
phology (Extended Data Fig. 2). 

Primary cilia are not reliably loaded with Ca** -sensitive dyes, forcing 
experimentalists to rely on changes in cytoplasmic calcium concentra- 
tion ([Ca?* ]eyto) as an indirect indicator of ciliary calcium concentra- 
tion ({Ca?*] iia). To ameliorate this issue, we generated a genetically 
encoded calcium sensor that is targeted to the cilium by fusing GCaMP3 
(ref. 7) to the carboxy terminus of smoothened (SMO-GCaMP3), enab- 
ling monitoring of [Ca** ] iia and [Car sas simultaneously. As shown 
in Extended Data Fig. 3 and Supplementary Video 3, addition of the Ca~* 
ionophore, ionomycin, increased fluorescence in both the cytoplasm 
and cilium of hRPE] cells stably expressing SMO-GCaMP3, although 
variation in ionomycin incorporation precludes precise [Ca”*] com- 
parison between the two compartments. 

To quantify [Ca”*] we developed a ratiometric SMO-mCherry- 
GCaMP3 calcium sensor® (Fig. 2a, b). In hRPE] cells stably expressing 


SMO-mCherry-GCaMP3, the cilia-targeted GCaMP3 and mCherry 
fluorescence co-localized with the cilia-specific marker, acetylated tubu- 
lin (Extended Data Fig. 3e-h). To determine whether [Ca** ] ein Could be 
increased without affecting [ar seas we ruptured the cilia membrane 
at the tip of the cilia (circle; Extended Data Fig. 3i, j) with an intense 
1-2s laser pulse (405 nm), leading to a rapid increase in [Ca** ]citia 
from the tip that travelled to the ciliary base (Supplementary Video 4). 
Peak [Ca~"] propagated down the cilia at a rate of 4.6 +0.6ums ', 
yielding an apparent diffusion constant (Dc,) of 5.3 um? s~! (similar 
to 5-10 uum? s * for Dc, in stellate cell dendrites). 

In order to closely monitor changes in [Ca**] cyto at the cilia~cytoplasm 
junction, we loaded the calcium indicator Fluo-4 into hRPE1 cells sta- 
bly expressing SMO-mCherry-GCaMP3. Ciliary membrane rupture 
increased [Ca*~ ].;, and was detectable at the ciliary base after a ~40 s 
delay (Fig. 2c-e and Supplementary Video 5). More distant parts of the 


Figure 1 | ARL-GFP localizes to primary cilia and motile cilia in vivo. 

a, b, Fixed paw of E14.5 embryo (a), and after incubation in ScaleA2 (b). 

The inset indicates the area where z-stacks from 0 to 1.2-mm depth were 
acquired. Scale bar: 500 jum. c, ARL13B-EGFP expression in E14.5 paw. 

3 X 4z-stacks were stitched together, depth colour-coded and projected onto a 
plane. Scale bar: 200 um. d-f, EGFP-positive cilia are present in fibroblasts 
within the digit (arrows) that overlap with adenylyl cyclase II (ACIII) labelling 
in e and merged in f. Scale bar: 10 j1m; inset, 3 um; asterisks indicate 
autofluorescence. Red and green channels are offset to visualize co-localization. 
g-i, Motile cilia in the Fallopian tube express ARL13B-EGFP (g) that 
overlaps with acetylated tubulin (h). Overlay (i). Inset in i is DIC image. 
Scale bar: 5 um. 
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Figure 2 | SMO-mCherry-GCaMP3 localizes to the primary cilium and 
reports ciliary [Ca?*]. [Ca?* ]euia is poorly coupled to [Ca?*] yt0. a, hRPE1 
cells expressing SMO-mCherry-GCaMP3 were treated with 5 1M ionomycin 
and changes in fluorescence were measured in the cilium and cytoplasm. 

b, Schematic of ratiometric calcium sensor and quantified fluorescence (F). 

c, d, After rupture of the ciliary tip with a laser pulse (f = 10s), [Ca?* ]eiia 
rapidly increases, whereas [Ca**]eyto near the base of the cilium (circle position 
2) increases only slightly 40s later (f = 61 s). lonomycin was added for 
normalization. Circles in ¢ indicate areas where fluorescence was measured. 
AF/F, changes in fluorescence. e, Distribution of lag times between ciliary and 
cytoplasmic [Ca**] increases. f, Calcium diffusion from the cytoplasm to the 
cilium is not restricted. Red dot indicates the position of calcium uncaging 
whereas the white line indicates length and position of line scan. Arrows 
indicate cytoplasm to cilium transition. Scale bars: 5 jum. See also 
Supplementary Video 6. 


cytoplasm remain unaffected by fluctuations at the base of the cilium. 
Elevation of [Ga lets after ciliary rupture occurred infrequently and 
with varying delay; ~40% of the cells did not show any elevation in the 
cytoplasmic side of the cilia—cell junction even 60 s after [Ca** ]citia had 
saturated (Fig. 2e). Apparently, the Ca** sensor does not hinder the 
diffusion of Ca** from cilium to cytoplasm after rupture: in this case 
the cilium fills with 2 mM [Ca**], which saturates the Ca* sensor. 
Next, we asked whether the protein-dense structure at the base of the 
cilium might act as a localized Ca** buffer and/or impermeant phy- 
sical barrier to Ca** entry into the cytoplasm. We loaded SMO- 
mCherry-GCaMP3-expressing cells with the caged calcium chelator 
NP-EGTA-AM and uncaged Ca” in the cytoplasm in close proximity 
to the ciliary base. The velocity of this Ca”* wave was 16 + 2ims in 
the cytoplasm and continued at 15 +2ums ' in the cilium, indi- 
cating no significant delay of Ca”* entering the cilium from the cyto- 
plasm (Fig. 2f and Supplementary Video 6). In summary, because the 
ratio of cilium/cytoplasmic volume is exceedingly small (1:30,000), the 
tiny ciliary Ca** rivulet is rapidly diluted in the large cytoplasmic 
volume. Because the number of free calcium ions at 1 uM concentra- 
tion within the ~ 0.5 fl cilioplasm is ~200 ions at an instant in time, 
ciliary [Ca?*] does not perturb cytoplasmic [Ca?*] substantially, nor 
does it initiate a measurable Ca” *-induced Ca’* release wave in the 
cytoplasm. These considerations led us to ask whether resting [Ca?" ] catia 
differs from resting [Ca?* opto 

The dissociation constant (K,) for the ratiometric ciliary Ca’* sen- 
sor in situ was comparable to that in solution (625 nM versus 660 nM 
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Figure 3 | Resting cilium [Ca”*] is substantially higher than resting 
cytoplasmic [Ca?*]. a, Live hRPE1 cell FGCaMP3/F mCherry ratios in 2mM 
[Ca?*], in the cilium (top) and cytoplasm (bottom). Scale bar: 5 um. b, Plot of 
measured ciliary fluorescence ratio (average = 0.8 + 0.12, n = 16 cilia) versus 
estimated [Ca?” ]ejia- Resting [Ca ] cia = 580 nM. c, Plot of measured 
cytoplasmic fluorescence ratio (average = 0.28 + 0.02, = 20 cells) versus 
estimated [Gar Joyce Resting [Ca** ]oyt0 is 107 nM. d, By measuring current 
amplitudes in perforated patches (Methods), we estimated resting free 
[Ca?*]ctia as 742 nM. Black circles indicate current at +100 mV; grey circles 
indicate current at —100 mV. e, Changes in cell (V,,) and cilia (Vii) potentials 
in response to external [K*]. f, Average potential of the cell body and cilia 
plotted as a function of external [K*]. Vin differs from Vj, at all [K*] other 
than [K*]. = 145 mM; P< 0.05. The measured resting membrane potential is 
—18 mV for the cilia and —54 mV for the cell (+s.e.m., n = 5 cells and 4 cilia). 
The grey dashed line is the K* Nernst potential. 


(ref. 7); Extended Data Fig. 4). In 2 mM extracellular Ca?* concentra- 
tion ([Ca”*],), resting [Ca?*] cig Was 580 nM in hRPE cells (Fig. 3b). 
We also calibrated the ratiometric Ca** sensor in the cytoplasm using 
cells that had not yet formed a cilium (SMO in the plasma membrane; 
Fig. 3a, bottom), and obtained a similar calibration curve and K, (550 nM), 
suggesting that the sensor reported [Ca*~*] similarly in cilia and cyto- 
plasm. The average ratio for the sensor in the cytoplasm of 0.28 + 0.02 
corresponding to a resting Kea re of <110 nM, a normal resting 
cytoplasmic [Ca**]'® (Fig. 3c). To test the surprisingly high resting 
[Ca * ]eitia using an independent measurement, we patch-clamped 
SMO-EGFP-labelled cilia in the whole-cell configuration and varied free 
[Ca?* ]citia- High [Ca?* ] citia (= 400 nM; ICs = 445 nM (see Methods), 
Fig. 3d) inactivates I.;,, enabling an independent calibration of [Ca?* ] iia: 
We then estimated the undisturbed resting [Ca?* ] cilia by compar- 
ing the current amplitude from perforated-patch measurements with 
the [Ca?*] calibration curve. The magnitude of I.i;, confirmed that 
[Ca?* ]eitia Was ~7-fold higher than resting (Ca lens (Fig. 3c). 
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We next determined the cilia’s resting membrane potential (E,ijia) 
by measuring changes in response to depolarizing concentrations of 
extracellular potassium ([K*].) from hRPE1 SMO-EGEP cytoplasm 
and from its primary cilia. Sonstsieaty, cilia Was >30 mV more posi- 
tive than the cytoplasm (Eiji = —18 £1 mV; Eso = —54 +2 mV, 
respectively; Fig. 3e) and significantly less [K *].(70 mM versus 129 mM) 
was required to depolarize the ciliary membrane potential to 0 mV 
(Fig. 3f). In summary, the cilium is a functionally distinct cell compart- 
ment with respect to ions. This calcium compartment is maintained by 
a favourable influx/efflux ratio: the large number of calcium-permeant 
channels’ or other ion channels/transporters can easily maintain high 
[Ca?*] in the small volume of the cilia, despite steady diffusion of Ca** 
into the cytoplasm at its base. An analogy is a water tower (Ca”’ within 
the cilia) connected to a large lake (cytoplasm) by a small pipe (basal 
body). Because ciliary [Ca**]is high (~600 nM) compared to the cyto- 
plasm (~100 nM), calcium flows from cilium to cytoplasm, but not 
cytoplasm to cilia. In addition, the approximately 30 mV gradient from 
cilia to cytoplasm further ensures asymmetry of Ca” flux. We specu- 
late that these factors insulate cilia from the <1 uM Ca’* fluctuations 
that characterize cytoplasmic Ca*™ signalling. 

What are the consequences to cell function of ciliary ion indepen- 
dence from the cytoplasm? As we show in an accompanying paper’, 
Tia is mediated predominantly by the heteromeric channel PKD1L1- 
PKD2L1. Pkdill ‘~ mice havea ciliary phenotype'”, but in this study 
we focused on the pore-forming subunit of I,ij;4, PKD2L1. Although 
PKD2L1 was initially proposed to be a sour taste receptor, Pkd211/~ 
mice display no sour taste deficit!?. Thus, we tested Pkd211~/~ mice for 
a potential ciliary defect. Although we did not observe any major organ 
laterality defects, we observed intestinal malrotation in about 50% of 
the Pkd2l1~'~ knockout animals that was not observed in wild-type 
mice (Fig. 4a), indicating a mild penetrance of the phenotype. Intestinal 
malformations are associated with sonic hedgehog (SHH) pathway 
defects during early development’*”. 

Treatment of MEFs with the SMO agonist SAG directly activates the 
SMO receptor, leading to an upregulation of Glil and Ptch1 expression'*””. 
As Pkd2I1 is transcribed and localizes to cilia in wild-type MEFs (Fig. 4b 
and Extended Data Fig. 5), we next asked whether the SHH pathway 
might be affected in Pkd2l1~'~ mice by measuring the upregulation 
of GLI1 in response to stimulation with SAG. As shown in Fig. 4c, d, 
GLI protein increased from 1.9 + 0.3 to 9.3 + 0.7 AU (arbitrary units) 
in wild-type MEFs stimulated for 24h with 400 nM SAG. In contrast, 
SAG upregulated GLI1 from 0.9 + 0.04 to only 3.9 + 0.6 in Pkd2I1~ 
embryonic MEFs. As shown in Fig. 4d, key members of the SHH path- 
way were not altered. However, Arl13b-EGFP'® MEFs accumulated 
significant amounts of GLI2 at the distal tip of the cilium (Fig. 4e, f), 
as is required for activation of GLI2 and full activation of downstream 
transcription events’®. In Pkd2l1 ~/— & Arl13b-EGFP'® mutant cells, 
GLI2 accumulation at the ciliary tip was reduced by ~50% compared 
to wild-type cells. PKD2L1 is not required for cilia formation, as ciliary 
length and the percentage of ciliated cells did not differ significantly 
between genotypes (Fig. 4g, h). Finally, we asked whether SAG stimu- 
lation itself regulates I,i;. and thus ciliary [Ca?*]. Although there was 
no immediate effect on ciliary current stimulation with SAG, after 24h 
Taig amplitude and resting [Ca** ]<iia increased in the cilium of wild- 
type MEFs (Extended Data Fig. 6). These data suggest that SAG initiates 
recruitment of PKD2L1 channels into the cilium rather than activating 
the channel. 

Our results indicate that primary cilia are functionally distinct from 
the cytoplasm. Iiiq is encoded by a heteromeric PKD1L1-PKD2L1 chan- 
nel and resting [Ca?* ] tia is at least 0.4 1M higher than resting [Ca** Teyto» 
which regulates trafficking of hedgehog-mediated transcription factors 
in the cilium. PKD2L1 is increased by SHH pathway stimulation, pro- 
bably by channel recruitment to the cilium. Interestingly, the IFT25- 
IFT27 complex seems to be specific for transporting SHH components 
and an IFT25 mutant MEF showed an impaired GLI2 ciliary trafficking 
phenotype” similar to Pkd211 mutant MEFs. Because IFT25 has a unique 


LETTER 


a Qo mmm Peo MEF 
Gy «WT MEF 
SAG - +. = 
ee + f * 
10 3.04 
> < 
Colon =z 8 aa 2.5 
© 
Normal 3 6 Bo 2.0 
g 23 15 
a So 
= 3a 38 
a 3% 10 
2 0.5 
0 0.0 
14 g 
5 12 = 
Inverted = 1.0 s 
: S 08 $ 
Mouse strain Normal | Inverted ° Z 5 
Pkd2it7- 3 4 a 0.6 = 
wv 2 
WT 8 0 S04 5 
© o2 fs] 
b MEF mRPE ' 
WT Pka2it~- WT Pkd2it~- 
: h 
gs i s& 
9 0. 8 
joan 3 
c WT MEF Pkd2it-- MEF g 5 
Do. 6 
SAG f 


Pkd2i1-~ MEF 
0 24h 


Cilia DAPI 


y-tubulin 


Figure 4| Pkd2l1~'~ mice exhibit defects in SMO-mediated GLI1 
activation. a, Intestinal malrotation in Pkd2l1~/~ mice, and comparison with 
wild type. Arrow indicates correct rotation of intestine. Schematic orientation 
of intestines is on the right; red indicates mesentery. b, RT-PCR of MEF and 
mRPE-derived cDNAs shows that PKD2L1 is expressed in both cell types. 

c, Western blot of GLI, SMO, GLI2 and y-tubulin expression in wild-type and 
Pkd2l1_'~ MEFs after stimulation for 24h with 400 nM SAG. d, Top panel: 
GLI] in wild-type (1.9 + 0.3 versus 9.3 = 0.7 after stimulation) and Pkd2l1/~ 
MEFs (0.9 + 0.04 versus 3.9 + 0.6 after stimulation). P< 0.01. Middle panel: 
GLI2 in wild-type (0.9 + 0.1 versus 1.1 + 0.2 after stimulation) versus 
Pkd2l1~'~ MEFs (1.1 + 0.3 versus 1.2 + 0.1 after stimulation). Bottom panel: 
SMO in wild-type (1.3 + 0.3 versus 1.2 + 0.09 after stimulation) versus 
Pkd211~'~ MEFs (1.3 + 0.04 versus 1.3 + 0.1 after stimulation; n = 3 wild-type 
embryos, 5 Pkd2l1 _ embryos). Error bars show +s.e.m. e, Localization of 
GLI2 at the distal tip of Arl13b-EGFP'S and Pkd2l1_'~ X Arll3b-EGFP' MEF 
cilia. Scale bar: 5 pm. Arrows point to GLI2 at cilia tips. Cilia are magnified in 
insets. f, Quantification of GLI2 protein accumulation at the ciliary tip after 
SAG stimulation; wild type = 3.0 + 0.2 (n = 40 cilia each from 3 embryos) 
versus Pkd2l1~'~ MEFs = 1.8 + 0.1 fold increase (n = 40 cilia each from 5 
embryos). P < 0.05. g, h, Quantification of ciliary length (4.5 + 1.5 um for wild- 
type versus 4.6 + 1.6 jm for Pkd2l1”~'~ MEFs) and preeee o of ciliated cells 
(67 + 8% for wild-type versus 60 + 6% for Pkd2l1 "MEFs; n = 40 cilia each 
from 3 embryos). 


Ca?* binding site’’, the observed SHH defect of Pkd2I/1 null mice is 
indicative that PKD2L1 may ‘tune’ [Ca?* ]eitia to optimize IFT25 func- 
tion. [Ca?* ]citia is probably also adjusted by other PKD members or 
even other as-yet-unidentified ion pumps or transporters in the cilium 
during development, which may explain the mild phenotype of the 
PKD2L1 mutant mouse compared to other SHH-deficient mutant 
mice (Ift25-/~ and Shh”'~ mice’*"”). An alternative, but not mutually 
exclusive, hypothesis is that acute [.i);, regulation by G-protein-coupled 
receptors and growth factors dynamically regulates ciliary trafficking. 
Further studies are necessary to determine whether other intermediates 
in the SHH pathway, such as SUFU-GLI dissociation or GLI proteo- 
lytic processing, are [Ca’ * ]-dependent. A second conclusion from this 
work is that the cilium funnels a small but steady Ca”* load into the 
peri-ciliary cytoplasm. 
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METHODS SUMMARY 


A ratiometric GCaMP3-based calcium sensor was expressed in cilia to measure 
ciliary calcium in hRPE] cells. A transgenic mouse model expressing GFP in cilia 
was generated to measure ciliary calcium and membrane potential by patch-clamp 
recordings of cilia. Defects in SHH signalling of MEFs isolated from Pkd211-/~ 
mutant mice were quantified by western blotting and ciliary localization of GLI1 
and GLI2 proteins. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Direct recording and molecular identification of the 
calcium channel of primary cilia 


Paul G. DeCaen'*, Markus Delling'*, Thuy N. Vien? & David E. Clapham’? 


A primary cilium is a solitary, slender, non-motile protuberance 
of structured microtubules (9+0) enclosed by plasma membrane’. 
Housing components of the cell division apparatus between cell 
divisions, primary cilia also serve as specialized compartments for 
calcium signalling” and hedgehog signalling pathways’. Specialized 
sensory cilia such as retinal photoreceptors and olfactory cilia use 
diverse ion channels*”’. An ion current has been measured from pri- 
marty cilia of kidney cells*, but the responsible genes have not been 
identified. The polycystin proteins (PC and PKD), identified in link- 
age studies of polycystic kidney disease’, are candidate channels divi- 
ded into two structural classes: 11-transmembrane proteins (PKD1, 
PKD1L1 and PKDI1L2) remarkable for a large extracellular amino 
terminus of putative cell adhesion domains and a G-protein-coupled 
receptor proteolytic site, and the 6-transmembrane channel proteins 
(PKD2, PKD2L1 and PKD2L2; TRPPs). Evidence indicates that 
the PKD1 proteins associate with the PKD2 proteins via coiled-coil 
domains’*’. Here we use a transgenic mouse in which only cilia 
express a fluorophore and use it to record directly from primary 
cilia, and demonstrate that PKD1L1 and PKD2L1 form ion chan- 
nels at high densities in several cell types. In conjunction with an 
accompanying manuscript’, we show that the PKD1L1-PKD2L1 
heteromeric channel establishes the cilia as a unique calcium com- 
partment within cells that modulates established hedgehog pathways. 
Patch clamp of primary cilia is challenging due to their small dimen- 
sions (~0.2-0.5 j1m in width, 1-12 jim in length), making them diffi- 
cult to identify in vivo. Using a human retina pigmented epithelium cell 
line stably expressing the cilia-specific enhanced green fluorescent protein 
(EGFP)-tagged smoothened gene (hRPE SMO-EGFP), the cilia could 
be visualized under confocal fluorescence microscopy and recorded using 
the method we describe here: whole-cilia patch clamp (Fig. 1a, Extended 
Data Fig. 1a and Supplementary Video 1). After establishing >16 GQ 
seals and rupturing the cilia membrane, we recorded a surprisingly large, 
outwardly rectifying, non-inactivating current (I,ij;.). Notably, Iciia Was 
recorded from cilia attached or detached from the cell body (Fig. 1b, c 
and Supplementary Video 2). Current density measured in the deta- 
ched cilia patch was 56-fold higher than that measured from the hRPE 
cell body (Methods). These measurements indicate that the primary 
cilium is partly insulated from the cell body by the structures at the 
cell—cilia junction (Extended Data Fig. 1a). The outwardly rectifying 
current was cation-non-selective (Fig. 1d) with relative permeabilities 
of Ca** ~ Ba” > Na* ~ K* > NMDG (Extended Data Fig. 1b). 
Consistent with the whole-cilia currents, single-channel amplitudes 
were outwardly rectifying (Fig. le) and mean open times substantially 
longer at more depolarized potentials. Extracellular uridine and adenosine 
phosphates (UDP, ADP, ATP) activated the ciliary current in perforated- 
cilia recordings, whereas the non-selective antagonists Gd?* and ruthe- 
nium red blocked it (Extended Data Fig. 1c—e). Several cell-permeable 
calmodulin antagonists also activated the conductance. On the basis of 
the dimensions of the cilia, we estimate the average membrane surface 
area to be ~6.3 jum” (~0.063 pF). Assuming the entire outward rectifying 


current is carried by the 96-pS conductance, we estimate the primary 
cilia channel density to be 128 + 13 channels pm  , similar to endoge- 
nous channel densities calculated from excitable tissue plasma membranes 
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Figure 1 | A calcium-selective ion channel is richly expressed in primary 
cilia. a, Confocal image of an hRPE SMO-EGFP cell and patch-clamp 
electrode. b, Whole-cell leak-subtracted currents elicited by 1-s depolarizing 
pulses from —100 to 100 mV in +5-mV increments recorded from the cell 
body, primary cilia and an excised primary cilia (recorded from the same 
cilium). c, Whole-cell currents activated by ramp voltage protocols from — 100 
to +100 mV measured from the primary cilia where extracellular Na“ -based 
saline was replaced by the cation indicated. d, Single-channel currents activated 
by 1.5-s depolarizations to the indicated potentials (left) and average current 
amplitudes (right; + s.e.m., n = 8 cilia). e, Estimated endogenous cilia ion 
channel densities compared to those from other biological preparations’”””~”. 
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and larger than those found in intracellular compartments (Fig. 1f). 
Thus, the primary cilium is richly populated with Ca**-permeant, rela- 
tively non-selective cation channels that enable a much higher dynamic 
range of ciliary Ca** concentration compared to the cytoplasm. 

We generated a transgenic mouse expressing the cilia-specific Arl13b 
gene carboxy-terminally tagged with EGFP (Arl13b-EGFP'® mouse)" 
and isolated primary cells from mouse RPE (mRPE) and embryonic 
fibroblasts (MEFs). Primary cilia currents from these primary cells were 
outwardly rectifying with the same conductance and pharmacological 
properties as observed in the cilia from the human RPE cell line (Fig. 2 
and Extended Data Fig. 2). In addition, I,i1;, was observed in the cilia of 
a human kidney-derived inner medullary collecting duct cell line IMCD 
stably expressing ARL-EGFP; Fig. 2c and Extended Data Fig. 2d). Ciliary 
single-channel conductances were identical in all four cell types (Fig. 2e), 
and were activated by extracellular ATP and blocked by Gd** in per- 
forated patch recordings. ATP addition to the bath significantly increased 
the probability of channel opening (P,) and mean open times (5-7-fold, 
Fig. 2f and Extended Data Fig. 2e). Because these were in the ‘on-cilia’ 
patch configuration (bath-applied ATP), we reasoned that ATP binds 
a G-protein-coupled purinergic receptor to initiate activation of the 
channels in the patch. Thus, [,ij, isa common feature of many cell types. 
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Figure 2 | Primary cilia currents measured from four different cell types. 
a-d, Averaged cilia current traces in control and bath-applied 100 1M ATP 
or 101M Gd’* from: human RPE cell line stably expressing smoothened- 
EGFP (a); primary mRPE cells from the Arl13b-EGFP'® mouse (b); kidney 
IMCD cell line stably expressing ARL-EGFP (c); and primary embryonic 
fibroblasts from the Arl13B-EGFP® mouse (d). e, Average single-channel 
current-voltage relation. The slope is used to estimate conductance 
(+s.e.m., n = 4-7 cilia). f, Average open times in the presence and absence 
of ATP at —100 and +100 mV potentials measured from the cilia of RPE 
SMO-EGEFP cells (+s.e.m., 1 = 6 cilia). 
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Analysis of hRPE transcripts confirmed expression of several pur- 
ported ciliary channels'*"°, including TMC7, TRPV4 and PKD1, PKD2, 
PKDILI1 and PKD2L1 (Extended Data Fig. 3a). Only short interfering 
(si)RNAs specific for PKD1L1 and PKD2L]1 reduced both inward and 
outward currents (Extended Data Fig. 3c—-d). These results indicate 
that [iia is conducted by either PKD1L1 or PKD2L1 independently, or 
together as a heteromeric ion channel. To verify I-44 channel proteins, 
we patch clamped cilia of homozygous PKD2L1 knockout (Pkd2l1~‘~) 
crossed with Arl13b-EGEP mice. The much-reduced Pkd2l1~/~ MEF 
ciliary current was linear and failed to activate when stimulated by cal- 
midazolium (Fig. 3b, c). These data establish that PKD2L1 is a com- 
ponent of Ieiia- 
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Figure 3 | MEF primary cilium currents compared from wild-type and 
Pkd2I1 null animals. a, b, Left: cilium currents recorded from MEFs isolated 
from wild-type (a) and Pkd2l1 ~~ (b) mice. Currents were elicited by aseries of 
ramps from —100 to +100 mV in control conditions (black traces) or in the 
presence of 10 1M calmidazolium (CMZ, red trace). Right: resulting current 
amplitudes (— 100 mV, grey circles; +100 mV, black circles) plotted as a 
function of time. Red bar indicates application of extracellular 10 pM CMZ. 
c, Scatter and whisker (+s.d.) plots of current magnitudes at +100 mV and 
—100 mV from MEF cilia. Individual cilia are represented as connected circles 
in control (black) and after calmidazolium (red). Averages are indicated by 
the dark horizontal lines. Student’s t-test results: *P < 0.05; NS, P > 0.05; 

n= 9-11 cilia. 
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Figure 4 | Plasma membrane expressed PKD1L1-PKD2L1 channels match 
those of I... a, b, Whole-cell currents recorded from cells transfected with 
PKD2L] alone (a) or PKD1L1 and PKD2L1 (b), where extracellular 1 uM 
calmidazolium (CMZ, red trace) was applied and Na‘ -based saline was 
exchanged by the cations indicated. c, Single-channel currents measured from 


Immunoprecipitation of Flag- or haemagglutinin (HA)-tagged PKD1L1 
and PKD2L1 demonstrated that PKD1L1 and PKD2L1 interact (Extended 
Data Fig. 4a). In whole-cell patch clamp of HEK293 cells transiently 
transfected with members of the PKD family, only PKD2L1 produceda 
measurable outward current in the plasma membrane (Extended Data 
Fig. 4b). Together, these data suggest that PKD2L1, but not PKDILI, 
can form homomeric channels. On the basis of an alignment of the 
PKD2 family of proteins (Extended Data Fig. 4c), a cluster of conserved 
acidic residues in the putative selectivity filter’ was mutated. Neutra- 
lizing two of three extracellular glutamates (Glu 523 and Glu 525, but 
not Glu 530) to serine or alanine abolished the current (Extended Data 
Fig. 4b). The homomeric PKD2L1 channel produced an outwardly 
rectifying, cationic whole-cell current with a large moderately Ca”* - 
selective conductance (Fig. 4a and Extended Data Fig. 4d). Our results 
differ from the presumed PKD2L1 expressed in oocytes’*: PKD2L1 cur- 
rents in our HEK293T cells were outwardly rectifying and not acti- 
vated by extracellular calcium. The unitary conductance (198 + 3 pS) 
and rectification ratio of homomeric PKD2L] is too large to underlie 
the primary ciliary conductance (compare Figs le and 4d). However, 
co-expression of PKD1L1 and PKD2L1 yielded a less rectifying whole- 
cell current with a single channel outward conductance of 103 + 3 pS 
(Fig. 4b-d), consistent with that found in RPE primary cilia. In addi- 
tion, heterologously expressed PKD2L1 and PKD1L1 channels were 
activated by calmodulin antagonists and blocked by Gd** and ruth- 
enium red. Unlike the ciliary current, the heterologously expressed 
channels were not activated by extracellular uridine and purine ana- 
logues (UDP, ADP, ATP; data not shown), suggesting that the receptor/ 
signal transduction pathway in cilia is absent in the whole-cell HEK293 
conditions. These data establish that I.,, is conducted by a heteromer 
of PKDIL1 and PKD2L1 subunits. 

Primary cilia have been proposed to sense flow by mechanical acti- 
vation of the putative PKD1-PKD2 channel’*”’. Using pressure clamp”, 
we observed no difference in single-channel activity at pressures of 
0-60 mm Hg (8 kPa) for PKD1L1-PKD2L1 in mRPE primary cilia or 
in heterologous expression (Extended Data Fig. 5). Although channel 
activity measurably increased at high pressure (80-100 mm Hg; 11- 
13 kPa), the PKD1L1-PKD2L1 channel lacks the sensitivity found in 
designated mechanosensitive channels”. 


Current (pA) 
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the cell membrane of cells transfected by PKD2L1 (black traces), or PKD1L1 
and PKD2L1 (blue traces). d, Resulting average single-channel current 
amplitudes plotted against voltage measured from transfected cells (+s.e.m., 
n= 4-5 cells). 


Many members of the TRP superfamily are highly temperature 
sensitive’’*** and primary cilia are proposed to be temperature sensors 
via activation ofa thermosensitive Ca” influx’. We tested the effect of 
increasing temperature (22-37 °C) on primary cilia and PKDILI1- 
PKD2L1-transfected cells and observed an increase in the Gd** -sensitive 
current (Extended Data Fig. 6a, b). When rapidly increasing the bath 
temperature (2.1 + 0.2 °C s |), we observed biphasic current activa- 
tion in the current from RPE primary cilia (from 24 to 32 °C, Qiy = 6) 
and heterologously expressed PKD1L1-PKD2L]I cilia (from 24 to 32 °C, 
Qio = 8; Extended Data Fig. 6c). This sensitivity is moderate in com- 
parison to highly temperature-sensitive channels, such as TRPV1- 
TRPV4 (Qjo > 20). In any case, temperature gradients are probably 
inconsequential over the length of cilia and cilia to cytoplasm. 

The accompanying manuscript* demonstrated that cilia are a speci- 
alized calcium compartment containing the PKD1L1-PKD2L1 chan- 
nel, which regulates ciliary SMO signalling and Gli transcription. Here 
we have demonstrated that PKD1L1 and PKD2L1 heteromultermerize 
to form a calcium-permeant ciliary channel which can be indirectly 
activated by purines. Future experiments will determine the purine recep- 
tor and downstream effectors activating I-ii,. Because the PKD1L1- 
PKD2L1 complex is calcium-permeant, but is also inactivated at high 
internal Ca”* concentration, we propose that the channel regulates the 
high resting ciliary calcium level”. We propose that these signals modify 
regulation of smoothened target genes, in particular Gli transcription 
of genes regulating cell division and growth. 


METHODS SUMMARY 


Cilia were recorded via borosilicate glass electrodes polished to resistances of 13- 
19 MQ. Holding potentials were —60 mV. Unless stated otherwise, pipette solu- 
tions contained (in mM): 100 CsMES, 35 NaCl, 10 HEPES, 5 Cs-BAPTA, 2 MgCl; 
100nM free [Ca?*], pH7.4. Standard bath solution (SBS) contained 150 NaCl, 
10 HEPES, 1.8 CaCl,, 1 MgCl, pH 7.4. For ‘on cilia’ recordings, the standard bath 
solution was: 150 KCl, 10 HEPES, 1.8 CaCl, 1 MgCl, pH 7.4 to clamp the resting 
membrane potential. For on-cilia recordings, the intracellular pipette solution was 
SBS. Perforated patches were obtained using 0.4 mg amphotericin B per 1 ml of stan- 
dard intracellular saline. siRNA knockdown efficiency was monitored for every 
set of experiments with Silencer Negative Control 1 siRNA (Life Technologies) for 
controls. Sequences for gene-specific primers are listed in Extended Data Fig. 3a. 
Additional experimental procedures are described in Methods. 
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Out of the hood 


Biologists frustrated with wet-lab work can find rewards in 
amove to computational research. 


BY ROBERTA KWOK 


uring her master’s programme in 
De from 2005 to 2008, Sarah 

Hird dreaded going into the lab. She 
was studying subspecies of red-tailed chip- 
munks and had become discouraged and 
frustrated by the uncertainties of molecular- 
biology experiments. She spent six weeks 
trying to amplify repetitive sequences in 
chipmunk DNA as part of an experiment to 
identify genetic differences between popula- 
tions — but to no avail. Hird tried replacing 


reagents, switching to a different machine for 
running the polymerase chain reaction and 
decontaminating the sample-preparation 
area. Nothing worked. And then, for reasons 
that she never quite deciphered, the technique 
suddenly started working again. 

By the end of her master’s, Hird had come to 
dislike working in a wet lab, and she decided 
not to apply for PhD programmes. 

About six months after finishing her 
master’s degree, while working as a part- 
time technician at Louisiana State Univer- 
sity in Baton Rouge, she discovered a better 


direction. The lab’s principal investigator had 
suggested that she learn a computer-program- 
ming language so that she could help with a 
simulation project. Hird, who had never pro- 
grammed before, taught herself the language 
using a bookand online tutorials, and quickly 
became engrossed. “Once I started, it was like 
an addiction,’ she says. She enjoyed developing 
algorithms, and she found the software- 
debugging process less frustrating than 
troubleshooting wet-lab problems. The work 
felt more under her control. 

Hird decided to stay in science, but to focus 
on dry-lab research — which generally entails 
writing software and developing models to 
analyse or explain data. After gaining admis- 
sion to Louisiana State University’s PhD 
programme in evolutionary biology, Hird 
developed software programs to manipulate 
sequence data for her dissertation. To boost 
her computer-programming skills, she tookan 
undergraduate computer-science course and 
enrolled in a summer software-development 
programme. This year, she started a postdoc on 
computational analysis of bacterial sequences 
at the University of California, Davis. 

Hird’s success demonstrates that a wet-lab 
biologist can make a smooth transition to 
the dry lab, even without extensive formal 
computer-science education. Resources for 
learning computational biology and bio- 
informatics abound: there are training 
websites, online forums and workshops. And 
motivated scientists with a knack for quanti- 
tative thinking and problem solving can gain 
the skills necessary to make the change dur- 
ing a PhD programme or postdoc. “A lot of 
people get scared about even trying,” says 
Casey Bergman, a computational biologist at 
the University of Manchester, UK. “It’s a much 
easier transition than most people think” 

Dry-lab researchers enjoy lower overhead 
costs than wet-lab scientists and have the flex- 
ibility to start new projects quickly. They can 
also more easily continue to run experiments 
when they become principal investigators, 
whereas scientists in wet labs tend to move 
entirely into managerial roles. Computational 
biologists face their own problems — some feel 
that they are taken less seriously than wet-lab 
scientists, for example — but those who set 
their own research directions and establish 
productive collaborations can thrive. For a 
researcher who wants to conduct experiments 
with quick turnaround times, and would like 
the ability to work on a wide array of topics, the 
flexibility to do research from home ona > 
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> computer and the option to move into jobs 
in software development or data analysis, the 
dry lab can be a promising career option. 


LEARNING TO CODE 

A wet-lab scientist without a programming 
background can take courses in computational 
biology or software programming at univer- 
sity. But for those who want to try out the dry 
lab without committing a lot of time, there are 
several do-it-yourself options. The website 
Galaxy (galaxyproject.org), for example, offers 
a user-friendly way to run computational- 
biology analyses. Users can upload DNA- or 
RNA-sequence data and use a point-and-click 
interface to run software, such asa tool to find 
regions of DNA in which promoters over- 
lap binding sites for transcription factors. A 
molecular biologist might analyse genetic data 
from their wet-lab experiments or the sample 
data sets available on the website. 

The site, developed by researchers at Penn- 
sylvania State University in University Park, 
and Emory University in Atlanta, Georgia, also 
provides an interactive tour that demonstrates 
how to carry out analyses. Galaxy is good for 
beginners because it allows them to try bio- 
informatics tools without writing software 
programs, says Bergman. 

To start programming, Hird suggests 
reading a book for beginners and doing the 
exercises. Websites such as Codecademy 


(codecademy.com) offer online tutorials. 
Aspirants might start with an easy language 
such as Python instead of more difficult 
languages such as Java or C++, says Pavel 
Tomancak, a developmental biologist at 
the Max Planck Institute of Molecular Cell 
Biology and Genetics in Dresden, Germany. 

He notes that newcomers may stay more 
motivated if they can apply computational 
skills to real scientific problems rather than 
to the ‘toy’ exercises in a computer-science 
class. For example, a researcher who works 
with many image files could write a program 
to automatically perform processing steps, 
such as contrast enhancement, on thousands 
of images. 

Biologists can practise their programming 
skills on websites such as Rosalind (rosalind. 
info), developed by researchers at the Univer- 
sity of California, San Diego, and at St Peters- 
burg Academic University in Russia. The site 
presents progressively harder bioinformatics 
problems and asks the user to write programs 
to solve them. An early problem involves con- 
verting a DNA string into its transcribed RNA 
strand; a more advanced exercise requires the 
user to find ways in which RNA molecules can 
bind to each other. 

Users download sample input files that 
contain the data to be processed, run their 
programs on those data and copy the output 
to the site to confirm whether their answers 


FORMAL TRAINING 


Classes in computing 


Researchers seeking formal training in 
computational biology or bioinformatics 
can enrol in classes, workshops and 
mentoring programmes. Sarah Hird, a 
postdoctoral researcher in evolutionary 
biology at the University of California, Davis, 
gained computational skills during her 
PhD programme by enrolling in 2011 in 
Google Summer of Code. The programme, 
run by Google in Mountain View, California, 
funds project-proposal-based software- 
development projects by undergraduates 
and graduate students, and links 
participants with mentoring organizations. 
Hird learned the programming language 
Python and developed software to display 
features of DNA-sequence data in a tabular 
format, receiving guidance from two 
experienced programmers through e-mails, 
Skype calls and comments on her blog 
posts about the project. 

Last month, researchers at the University 
of California, San Diego, began teaching 
a free online course on bioinformatics 
algorithms through the education website 
Coursera (www.coursera.org). They hope 
to repeat the course next year. Many 


institutions run computational-biology 
workshops, including Cold Spring Harbor 
Laboratory in New York, the National 
Evolutionary Synthesis Center (NESCent) 
Academy in Durham, North Carolina, and 
the European Molecular Biology Laboratory 
in Heidelberg, Germany. Karen Cranston, 
a computational evolutionary biologist at 
NESCent, suggests signing up for mailing 
lists to find out about upcoming workshops. 
Software Carpentry, an international 
volunteer organization, offers software- 
development workshops for scientists 
worldwide. The two-day boot-camps help 
researchers learn efficient programming, 
such as managing software versions 
and setting up automated bug testing. 
Researchers wanting their institution to 
host a workshop should contact Software 
Carpentry, says Titus Brown, an advisory- 
board member and bioinformatician at 
Michigan State University in East Lansing. 
The organization can provide a ‘pitch’ 
presentation that contains information about 
benefits and costs, which the researchers 
can show to administrators to convince them 
to fund instructors’ travel expenses. RK. 
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were correct. Once 
users have completed 
an exercise success- 
fully, they can view 
solutions that other 
users have writ- 
ten. Those who can 
make a bigger time 
commitment can 
pursue more-formal 
training options 
(see ‘Classes in 


“Once I started, computing). 

itwas like an Beginners can 
addiction. also ask questions 
Sarah Hird on online bioinfor- 


matics, sequencing 
and programming forums such as Biostar, 
SEQanswers and Stack Overflow. “If youre feel- 
ing a bit stuck, there's no shortage of help,” says 
Neil Saunders, a statistical bioinformatician at 
the Commonwealth Scientific and Industrial 
Research Organisation in Sydney, Australia. 
To avoid receiving snide responses, newcom- 
ers should make their questions specific and 
describe their efforts to solve problems instead 
of simply asking others to write their code. 


TIME FOR A CHANGE 

Scientists seeking a transition to the dry lab 
can build their computational skills during 
their wet-lab PhD programme. They might 
consider using computational tools in their 
dissertation work, as well as seeking out a sup- 
portive mentor or committee member, says 
Hird. To gain an adviser’s support, a doctoral 
student could explain how these skills would 
enable better research: for example, a gradu- 
ate student in developmental biology could use 
programming skills to perform complex three- 
dimensional data visualizations. Researchers 
could also collaborate with dry labs to analyse 
their data, suggests Karen Cranston, a compu- 
tational evolutionary biologist at the National 
Evolutionary Synthesis Center in Durham, 
North Carolina. 

PhD graduates can land dry-lab postdocs 
without extensive programming experience. 
Bergman finds that applicants with the perfect 
blend of skills in biology and computer science 
are rare, so he is willing to hire and train biolo- 
gists who do not know programming as long as 
they have strong quantitative skills. Neverthe- 
less, applicants can improve their chances by 
using Rosalind, learning a statistical software 
package such as R or completing a computa- 
tional project through a programme such as 
Google Summer of Code. 

Computational biologists tend to enjoy 
more flexibility than their wet-lab counter- 
parts. Researchers can often start a new project 
by downloading data and writing a program, 
instead of having to order reagents or spend 
months optimizing protocols. Costs are gen- 
erally lower because dry labs do not require 
reagents or staff to maintain cell lines, and 
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results come back quickly, making it less 
risky to take research in a new direction. 
When a computer is the only equipment 
needed, one does not always have to work 
in one’s office. Bergman often writes soft- 
ware or runs programs at home in the 
evenings. “That’s what sustains my interest 
in the science,” he says. 

Dry-lab researchers can apply their skills 
to many problems. “It really expands what 
you can do,’ says Saunders. “If your speci- 
ality is analysing data, then the nature of 
the data is sort of secondary.’ Saunders has 
analysed the genes of Antarctic microbes, 
modelled protein structures to study how 
enzymes find the right substrates and 
searched for biomarkers to improve early 
detection of colorectal cancer. And dry-lab 
scientists have plenty of options outside 
academia: career opportunities are open- 
ing up at institutions such as museums, 
which need staff with computational skills 
to help to organize and share their data, 
such as biodiversity information, and at 
DNA-sequencing facilities. Bergman and 
Saunders know of dry-lab researchers 
who have gone on to work at genomics 
and online education start-ups in Califor- 
nia’s San Francisco Bay Area, or to develop 
mobile-phone apps or land data-analysis 
jobs at consulting companies. 

Dry-lab scientists must ensure, how- 
ever, that wet-lab collaborators do not 
view them only as technicians — they 
must make it clear that they are “actually a 
research scientist”, says Saunders. “You're 
not just the computer guy with the magi- 
cal program.’ Even when one is the prin- 
cipal investigator of a lab, it is easy to be 
perceived as just “providing a service”, he 
says. So it is important that, when starting 
a collaboration, computational researchers 
discuss whether they will help to set the 
project's scientific direction. Saunders adds 
that it is fine to participate in some pro- 
jects that are steered by wet-lab scientists, 
but dry-lab scientists should develop their 
own projects as well, such as developing 
computational tools. 

Researchers who make the transition to 
the dry lab need not worry that their wet- 
lab experience is wasted. Dry-lab scientists 
still need to think like biologists and con- 
sider the complexities of the system being 
studied. Programmers tend to oversimplify 
complex problems, but biologists know that 
there are often exceptions to the rules, says 
Cranston. And some researchers combine 
wet-lab and dry-lab work rather than giving 
up the former entirely. “I don’t really like 
to look at it like a switch. I look at it more 
like adding more tools to your toolkit,’ says 
Bergman. “It’s not an either/or. = 


Roberta Kwok is a freelance science writer 
in Seattle, Washington. 
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A faulty hypothesis 


Carolyn Beans says that some of the most interesting 
results are negative ones — but it still hurts to be wrong. 


7 Ney Ne ey Nee 


and ask the four children seated around me 

to make a hypothesis. “What do you think? 
Will it sink or will it float?” They have all sorts 
of ideas. “Float! It’s too light to sink” “Sink! It's 
made of metal!” “Float! It’s flat!” 

Iask the students to circle their guesses next 
to the picture of the tinfoil in the hypothesis 
column of their worksheets. Then I drop the 
foil. The two students who circled ‘float’ begin 
flailing their arms ina wild dance of joy. The 
two who circled ‘sink erase their choice. 

“Dont erase!” I beg them. “Just circle ‘float’ 
in the results column. Some of the most inter- 
esting scientific discoveries come when a 
hypothesis is wrong” They do not buy it. As 
we test more objects, the children continue to 
modify their hypotheses to match the results. 
One refuses to make a hypothesis until the 
results are known. Apparently, children do not 
like to be wrong, even in the name of science. 

I thought of this elementary-school visit as 
Isat in my office last autumn, looking over the 
results of my summer research. I had tested 
whether three different plant species could 
reduce seed production in a jewelweed native 
to the United States, Impatiens capensis, by 
competing for pollinators. 

One of the contenders was an introduced 
jewelweed from India, Impatiens glandulifera, 
with bright-magenta, nectar-rich flowers. I 
thought that surely this species would win over 
the local pollinators and reduce seed produc- 
tion in the native plant. 

But it turns out that none of the competi- 
tors, either individually or as a group, had any 
influence on seed production in the native 


[= a strip of tinfoil above a bowl of water 


jewelweed. When I first saw these results, I 
thought how nice it would be to erase the past 
four months of work and start again. 

Asa graduate student, I find it hard not to feel 
like a failure when a hypothesis is incorrect. It 
was especially disheartening when I had com- 
mitted an entire summer to an experiment, and 
there was no hope of restarting until the next 
growing season. Throughout the autumn and 
winter, I pondered. Was my sample size too 
small? Were my plots too close together? Should 
Ihave run the experiment for longer? 

Icame to the conclusion that my hypothesis 
was just wrong. Although this realization did 
not leave me dancing for joy like the children 
who circled ‘float’ (and I certainly would have 
danced had my hypothesis been correct), it 
did allow me to start identifying the positive 
aspects of my results. 

First, I feel grateful that the experiment 
happened at all. Fieldwork is unpredictable and 
sample sizes are often demolished when study 
sites succumb to disease, unusual weather pat- 
terns or a stray lawnmower. Getting 700 pot- 
ted plants of 4 species to flower all at the same 
time was no trivial task. For my success I thank 
good field assistants, decent weather and an 
influx of ladybirds that appeared just when it 
seemed that aphids would eat every last plant. 

Second, I appreciate that my experiment was 
designed well enough to disprove my hypoth- 
esis definitively. I did not get what I expected, 
but I discovered something real. Now I can 
develop new experiments instead of wasting 
time redoing the same one. 

Finally, I feel hopeful that the negative 
results mean that the story will turn out to be 
more nuanced and interesting than I initially 
expected. For example, this and other experi- 
ments suggest that even without influencing 
seed production, competitors may alter natural 
selection on the native jewelweed by causing 
pollinators to favour different-sized flowers. 

As for the kids, they still want to be right. But 
what they want most is to do another experi- 
ment, and then another. They never tire of 
dropping objects into the water and thinking up 
reasons that one will float and another will not. 
They may not own up to their incorrect hypoth- 
eses. But they are learning that there is more to 
science than confirming one’s expectations. m 


Carolyn Beans is a biology graduate student 
at the University of Virginia in Charlottesville. 
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MELANIE TAYLOR/SHUTTERSTOCK 


Ua SCIENCE FICTION 


BY DEBORAH WALKER 


r The ghost of my future smells of ash. 
“I thought that you were going to 
stop smoking,” I say. 

“It’s been a tough year.” She rummages 
inside her bag and produces a packet of Marl- 
boro Lights. “Life doesn't always go according 
to plan, does it, Sibyl?” She lights a cigarette 
and blows the smoke towards me. Ghost 
smoke, a multiplication of the insubstantial. 

“Tthink I'll join you.” I take a cigarette from 
my own packet while taking a critical look 
at my future self. She looks much older than 
she looked a year ago. She's not doing herself 
any favours by not wearing make-up. Her 
hair looks dry and brittle, and the roots need 
doing. “T see that you haven't lost any weight” 

She shrugs. “Dieting’s a waste of time. I’m 
nearly forty. [am what Iam” 

She’s in one of those moods. “So, what’s 
new?” Task. 

“Not much? 

I sigh. “That's not very helpful. This rite is 
not without sacrifice, you know.’ I point to 
the iron knife balancing on top of the dish 
of blood water. 

“Dont I know it?” She rolls up her sleeve 
and shows me her right arm. She is seven 
years older than me, seven more scars. This 
is how it works, once a year I can see seven 
years into the future. 

“Shall we do the diary?” I ask. 

“Ah, yes, the diary,’ She takes the leather 
diary out of her bag. I'd bought it in Venice, 
on my honeymoon. I’m supposed to write in 
it every day: the diary of my life. 

The ghost flicks through the pages. “The 
trouble with this diary is that it gets a little 
sketchy in places. You're drinking a lot at the 
moment, aren't you?” 

I shrug. I like a glass of wine or two in the 
evening. It takes the edge off. Who is she to 
judge me? “Shall we get on with the markets?” 

“Sure.” My future self recites share prices 
while I take notes. I play the market. Although 
playing implies that I’ve a possibility oflosing. 
That’s not the case, not with the information 
I'm receiving. I’m the ultimate insider dealer. 

When she’s finished, she says: “All right 
then, [ll be off” 

“Dont go yet.” 

“What is it?” she asks, impatiently. 

“You don’t look 
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SIBYL 


Life can be a drag. 


the last year?” I feel sorry for her, but more 
importantly I feel anxious. I need to know. 

“Tt’s best not to talk about personal stuff, 
Sibyl, you know that” 

“How's Alex?” 

“Are you sure you want to know?” 

“Tt is Alex, isn’t it? What’s happened? He's 
not... dead, is he?” 

She lights another cigarette. I do the same. 

“Alex left me” 

“But last year you seemed so happy.’ 

“Ignorance is bliss. He’s been having an 
affair for the last three years. Alice gave him 
an ultimatum, and I lost out.” 

“Alice? My best friend Alice?” 

“That's right. He's taking me through the 
courts now, trying to get his ‘fair share” 

“T don't believe it” 

“Would I lie to you? Would I lie to myself?” 
She looks at me. “What are you going to do, 
now that you know?” 

I walk to the fridge and pour myself a glass 
of cold, crisp chardonnay. I drain the glass. 
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She watches me with a half-smile. I refill the 
glass. “You shouldn't have told me” 

“At least I gave you a warning. That’s more 
than I got” 

“She didn’t tell you?” Timelines are diver- 
gent. Each future me is slightly different. 

“No. She didn't. But I thought youd want 
to know. That’s our trouble, we always want 
to know.’ She blows a plume of ghost smoke 
towards me. “You could divorce him.” 

“You had nine good years of marriage.” 

“No, I didn’t. For three of those years Alex 
was having an affair” 

She lets her cigarette fall to the ground. 
“What are you going to do, Sibyl?” She has 
a hungry look on her face. She wants me to 
say that I’m going to divorce Alex, before he’s 
had a chance to betray me. When did I get 
so bitter? 

“T don't know what I’m going to do” 

“It’s your decision,” she says. “It won't 
change anything for me. I'll just carry on in 
this timeline where he betrayed me. You can't 
change the past, only the future” 

“And you?” I say. “Are you going to look 
ahead, this year?” 

“T always do, dort I?” She rubs her arm. 
“Find out how I can improve my perfect life.” 

“You don’t need to. You must have plenty 
of money stashed away.” 

“No. I don't need to look into the future. 
But then again, neither do you.” 

“Tt’s a hard habit to break.” 

She nods. I see the shadow in her eyes. I 
know her fear. The same fear that shrouds 
me every time I start the ritual. There will 
come a day when I reach into the future and 
my future self will be dead. What will I see on 
that night? Will I see nothingness, or some- 
thing worse, something unbearably worse? 

“[m young,’ she says. “I’m only thirty- 
eight. It will be okay to look” 

“Yes. It'll be okay. Thanks for your help?’ 

“Tt’s nothing. Be well, Sibyl. Be happy.’ 

With a word I end the ritual, and my 
future self dissipates. 

I tidy up, throwing the blood water down 
the sink and washing the bowl. Alex would 
be home soon. Could I change, make our 
marriage stronger? Did I want to? 

A key rattles in the lock. Alex is home. 

What could I say to him? 

Divination is a drug. 

Ireach for the packet of cigarettes. Tomor- 
row, I'll quit. m 


Find Deborah in the British Museum, 
trawling the past for future inspiration. 
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